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SUMMARY 

v i i i  

The purpose of t h i s  c o n t r a c t  was t o  conduct  a sca le -model  t e s t  
program t o  de te rmine  t h e  a c o u s t i c a l  f i e l d  g e n e r a t e d  by high-cham- 
b e r - p r e s s u r e ,  hydrogen-fueled eng ines  i n  v a r i o u s  c l u s t e r  conf igu -  
r a t i o n s .  A t o t a l  of  t h i r t e e n  a c o u s t i c  measurements were t aken  
d u r i n g  e l e v e n  program f i r i n g s .  These e l even  f i r i n g s  were composed 
of t h r e e  s ing le -eng ine  f i r i n g s ,  t h r e e  f i ve -eng ine  c l u s t e r  f i r i n g s ,  
two e i g h t - e n g i n e  c l u s t e r s ,  and t h r e e  twelve-engine  c l u s t e r s .  The 
a c o u s t i c  measurements were d iv ided  -- f o u r  i n  t h e  n e a r - f i e l d  and 
e i g h t  i n  t h e  f a r - f i e l d  s o  as t o  be a b l e  t o  c a l c u l a t e  t h e  power 
spectrum and t h e  f a r - f i e l d  c h a r a c t e r i s t i c s  as  w e l l  as o b t a i n  t h e  
n e a r - f i e l d  d a t a .  Engine d a t a  o b t a i n e d  f o r  each f i r i n g  i n c l u d e  
m i x t u r e  r a t i o ,  p r o p e l l a n t  weight  f low,  t o t a l  t h r u s t ,  and chamber 
p r e s s u r e .  These d a t a  were acqui red  t o  d e s c r i b e  the s o u r c e  cha rac -  
t e r i s t i c s .  The a c o u s t i c  d a t a  were ana lyzed  i n  113-octave bands 
f o r  s t u d y  ove r  a f r equency  range from 50 t o  10,000 c p s .  

The power spectrum, a c o u s t i c  e f f i c i e n c y ,  and t h e  d i r e c t i v i t y  
i n d i c e s  were c a l c u l a t e d  from t h e  f a r - f i e l d  sound p r e s s u r e  l e v e l  
s p e c t r a . .  The n e a r - f i e l d  decay upstream of t h e  engine  exhaus t  
p l a n e  and t h e  appa ren t  source  l o c a t i o n  were measured w i t h  t h e  n e a r -  
f i e l d  d a t a .  

The c h a r a c t e r i s t i c s  of the a c o u s t i c  f i e l d s  were compared where 
p o s s i b l e  w i t h  t h e  d a t a  from other i n v e s t i g a t o r s ,  u s i n g  in fo rma t ion  
o b t a i n e d  from u n d e f l e c t e d  f r e e  j e t s  o n l y .  

The d a t a  t a b u l a t i o n  from all e l e v e n  program f i r i n g s  i s  inc luded  
i n  Appendix A. 

J 
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1 

I. INTRODUCTION 

The n o i s e  f i e l d  genera ted  by a h i g h - t h r u s t  r o c k e t  engine  can 
c o n t r i b u t e  s i g n i f i c a n t l y  t o  the  t o t a l  dynamic environment of  t h e  
launch v e h i c l e ,  producing a t  times s t r i n g e n t ,  s t r u c t u r a l  d e s i g n  
requi rements .  Th i s  a c o u s t i c  environment may be impor t an t  f o r  
bo th  t h e  l i f t o f f  and f l i g h t  p o r t i o n s  of  t h e  v e h i c l e  f i r i n g .  I n  
a d d i t i o n ,  man does no t  f u n c t i o n  a t  peak e f f i c i e n c y  i n  a h igh -  
n o i s e  environment ,  s o  t h e  rocke t -gene ra t ed  n o i s e  f i e l d  i s  i m -  
p o r t a n t  i n  t h e  d e s i g n  and o p e r a t i o n  o f  man-rated sys tems.  A 
l e s s  impor tan t  bu t  s t i l l  s i g n i f i c a n t  f a c t o r  i s  t h e  p ropaga t ion  
of  r o c k e t  n o i s e  t o  areas sur rounding  t h e  launch o r  s t a t i c  t e s t  
a r e a ,  which i n t e r f e r e s  w i t h  the  normal a c t i v i t i e s  of man. For  
t h e s e  r e a s o n s ,  i t  i s  impor tan t  t o  o b t a i n  a good unde r s t and ing  
of  t h e  mechanism by which rocke t  eng ines  (and c l u s t e r s  of  e n -  
g i n e s )  g e n e r a t e  a c o u s t i c  energy and t h e  manner i n  which t h e  
a c o u s t i c  p ropaga t ion  t a k e s  p lace .  The g e n e r a l  area of a e r o -  
dynamica l ly  produced n o i s e  has been i n v e s t i g a t e d  t h e o r e t i c a l l y  
b u t  w i t h  l i m i t e d  s u c c e s s .  The e x p e r i m e n t a l l y  produced r e s u l t s  
have been used much more e x t e n s i v e l y  t o  s o l v e  t h e  r e a l  e n g i n e e r -  
i n g  problems. 

The work r e p o r t e d  i n  t h i s  document w a s  under taken  w i t h  t h e  
o b j e c t i v e  of  expanding t h e  fund of  knowledge concern ing  r o c k e t  
engine  n o i s e  -- s p e c i f i c a l l y ,  n o i s e  gene ra t ed  by v a r i o u s  c l u s t e r  
c o n f i g u r a t i o n s .  How t h e  no i se  f i e l d  i s  a l t e r e d  bo th  i n  d i s -  
t r i b u t i o n  and i n  spectrum con ten t  when changing from a s i n g l e  
engine  t o  a c l u s t e r  has  n o t  been comple te ly  d e s c r i b e d  i n  t h e  
p a s t .  

A t o t a l  of e l e v e n  t e s t  f i r i n g s  were made d u r i n g  t h i s  program 
w i t h  e i g h t  t e s t s  conducted du r ing  Phase I and t h r e e  f i r i n g s  made 
d u r i n g  Phase 11. The e i g h t  f i r i n g s  o f  Phase I i n c l u d e  t h r e e  
r e p e a t a b i l i t y  f i r i n g s  made on a s i n g l e  engine  and a f ive -eng ine  
c l u s t e r ,  and s i n g l e  f i r i n g s  of two e i g h t - e n g i n e  c l u s t e r  con- 
f i g u r a t i o n s .  The r e s u l t s  of t h e s e  f i r i n g s  are r e p o r t e d  and 
d i s c u s s e d  i n  Ref 1. 

The Phase I1 t e s t i n g  was made up of  t h r e e  twelve-engine 
c l u s t e r  c o n f i g u r a t i o n s ,  each d i f f e r e n t  from t h e  o t h e r .  The 
r e s u l t s  of  t h e s e  t e s t s  are desc r ibed  i n  t h i s  r e p o r t .  Th i s  re -  
p o r t  a l s o  c o n t a i n s  t h e  d i s c u s s i o n  and comparison of  a l l  t h e  
d a t a  produced d u r i n g  bo th  phases of  t h e  s tudy .  I n  a d d i t i o n ,  
a l l  d a t a  from bo th  phases  i s  t a b u l a t e d  i n  Appendix A. 
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11. TEST PLAN 

A t  the  beginning  of t h e  t e s t  program, a document, "Program F i r -  
i n g  P lan , "  was w r i t t e n  and i s s u e d  t o  i n d i c a t e  t h e  g e n e r a l  purpose 
and scope of t h e  t e s t  f i r i n g s  as w e l l  as t h e  d e t a i l e d  i n f o r m a t i o n  
r e q u i r e d  f o r  c o o r d i n a t i n g  t h e  t e s t i n g .  The f i r i n g  schedu le  was 
inc luded  along w i t h  a d e s c r i p t i o n  of t h e  engine  c o n f i g u r a t i o n s .  
A l i s t  of a l l  measurements gave p o s i t i o n s ,  r anges ,  and r eadou t  
equipment r e q u i r e d .  F i n a l l y  a d e t a i l e d  d e s c r i p t i o n  w a s  g iven  of 
a l l  necessa ry  c a l i b r a t i o n  and d a t a  r e d u c t i o n  p rocedures .  

Most of t h e  d e t a i l s  of t h e  "Program F i r i n g  Plan" a r e  inc luded  
i n  o t h e r  c h a p t e r s  of t h i s  r e p o r t .  A summary of t h e  t e s t  p l an  i s  
g iven  i n  t h i s  c h a p t e r  t o  a c q u a i n t  t h e  r e a d e r  w i t h  t h e  g e n e r a l  scope ' 
of t h e  progr-am f i r i n g s  and t h e  d a t a  a c q u i s i t i o n  and a n a l y s i s .  Th i s  
p l a n  covers  bo th  Phase I and Phase I1 f i r i n g s .  

A .  PROGRAM FIRINGS 

The e leven  program f i r i n g s  a r e  l i s t e d  i n  Table  11-1, which a l -  
s o  p r e s e n t s  t h e  engine  c o n f i g u r a t i o n  and measurement l i s t .  One 
b a s i c  engine d e s i g n  was used throughout  t h e  t e s t s  w i t h  m u l t i p l e  
eng ine  c l u s t e r s  composed of f i v e ,  e i g h t ,  o r  twelve  b a s i c  s i n g l e  
e n g i n e s .  A l l  f i r i n g s  were h o r i z o n t a l  w i t h  no d e f l e c t o r  p r e s e n t .  
F i r i n g s  1 t h r u  3 were r e p e a t a b i l i t y  f i r i n g s  of t h e  s i n g l e - e n g i n e  
c o n f i g u r a t i o n .  F i r i n g s  4 t h r u  6 were r e p e a t a b i l i t y  f i r i n g s  of 
t h e  f i v e - e n g i n e  c l u s t e r ,  which i s  s imi l a r  t o  t h e  S a t u r n  V c l u s t e r  
c o n f i g u r a t i o n .  F i r i n g  7 was an e i g h t - e n g i n e  c l u s t e r  s i m i l a r  t o  
t h e  S-IB c l u s t e r i n g ,  and F i r i n g  8 was an e i g h t - e n g i n e  c i r c u l a r  
c l u s t e r .  F i r i n g  9 was a twelve-engine  c l u s t e r ,  F i r i n g  10 a twelve-  
eng ine  c i r c u l a r  c l u s t e r  w i t h  eng ines  c a n t e d  15 deg, and f i n a l l y  
F i r i n g  11 was a twelve-engine c i r c u l a r  c l u s t e r  w i t h  0 deg eng ine  
c a n t .  The o r i e n t a t i o n  of t h e  m u l t i p l e  eng ines  i s  a l s o  shown i n  
Tab le  11-1 w i t h  a c o u s t i c  measuring p l a n e  a t  r i g h t  a n g l e s  t o  t h e  
vertical axis .  

Engine i n s t r u m e n t a t i o n  i n c l u d e s  chamber p r e s s u r e  i n  each cham- 
b e r ,  t o t a l  t h r u s t ,  two t empera tu res  and p r e s s u r e s  r e q u i r e d  f o r  pro-  
p e l l a n t  weight f low and mix tu re  r a t i o  c a l c u l a t i o n s ,  and f o u r  p r e s -  
s u r e s  i n  t h e  p r o p e l l a n t  supp ly  l i n e s .  The a c o u s t i c  measurements 
were d i s t r i b u t e d  between t h e  f a r - f i e l d  and n e a r - f i e l d  as shown i n  
Tab le  11-1 f o r  a l l  f i r i n g s .  High-speed movies were t a k e n  of each 
f i r i n g  t o  b e  used f o r  g e n e r a l  f low v i s u a l i z a t i o n  and any r e q u i r e d  
system t r o u b l e s h o o t i n g .  
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Table 11-1 Program Firings 

3 

ENGINE 
MEASUREMENT FAR-FIELD TEST CONFIGURATION PHASE NEAR-FIELD 

e 

4 

1 Single-Engine 0 10 

10 2 Single-Engine 0 

3 Single-Engine 0 4 

4 

10 

14 

9 

0 0  
0 

0 .  

4 Five-Engine 
Cluster 

9 

I 
0 0  

0 
0 0  

5 Five-Engine 
Cluster 

14 4 9 

0 0  
0 

0 0  

6 Five-Engine 
Cluster 

14 4 9 

4 17 0 0  . 7 Eight-Engine 
Cluster 0 .  

0 . 0  

8 Eight-Engine 0 . 0  

Cluster Circular 0 0 

9 

17 4 9 

O O 0  

9 Twelve-Engine 0 . 0  

Cluster 0 .. 
0 .  

21 9 4 

0 .  
0 

'i 0' 
'i3 3 10 Twelve-Engine 

0 
Circular Cluster 
Canted 15' 

c. OJ 
@ g @  

11 Twelve-Engine 0 0 0  
0 0 

0 
0 0 

Circular Cluster 

0 . 0  

21 4 9 If 

21 4 9 
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B. TEST FIXTURE 

The engines  were des igned  t o  burn gaseous  oxygen and hydrogen 
a t  a mixture  r a t i o  of 3:l and a chamber p re s su re  of 1200 p s i a .  En- 
g i n e  r u n  t ime w a s  s e t  a t  a minimum of  3.0 seconds of s t e a d y - s t a t e  
o p e r a t i o n  but  g e n e r a l l y  exceeded t h i s  t i m e .  S ing le -eng ine  t h r u s t  
on t h e  o rde r  of  400 l b  was c a l c u l a t e d  w i t h  a t o t a l  p r o p e l l a n t  
weight  flow of 1 .0  l b  p e r  s e c .  The c a l c u l a t e d  e x i t  Mach number 
was 3 . 5  f o r  a f u l l y  expanded a r e a  r a t i o  of 10.  O the r  p e r t i n e n t  
engine  and exhaus t  gas  d a t a  a r e  g iven  i n  Tab le  111-1. 

Each c o n f i g u r a t i o n  was mounted on a t h r u s t  s t a n d  f i r i n g  h o r i -  
z o n t a l l y  w i t h  t h e  engine  c e n t e r l i n e  s i x  f t  from t h e  ground p l a n e .  
The s i n g l e  engine  and t h e  c l u s t e r s  were mounted on a t h r u s t  p l a t e  , 
des igned  t o m e a s u r e  t o t a l  engine  t h r u s t .  The f i r i n g  w a s  c o n t r o l l e d  
a u t o m a t i c a l l y  by a c o n t r o l  conso le  t h a t  p rovided  a programed se- 
quence of e v e n t s .  

C .  ACOUSTIC MEASUREMENTS 

The f a r - f i e l d  microphones were on p o l e s  s i x  f t  above t h e  
ground p lane  on a 1 2 0 - f t  r a d i u s  measured from t h e  engine  e x i t .  
The f a r - f i e l d  p o s i t i o n s  a r e  shown i n  F i g .  11-1. The measuring 
p l ane  was f l a t ,  s l o p i n g  g e n t l y  from t h e  160-deg t o  t h e  20-deg po- 
s i t i o n  and i s  composed of b a r e  packed e a r t h .  The n e a r - f i e l d  acous-  
t i c s  measurements were t aken  a t  t h r e e  l o c a t i o n s  n e a r  t h e  eng ine  
and a t  t h e  boundary of t h e  exhaus t  stream by a t r a v e r s i n g  micro-  
phone. These n e a r - f i e l d  d a t a  p o i n t s  a r e  shown i n  F i g .  1 1 - 2 .  The 
d i ame te r  used i n  p o s i t i o n i n g  t h e  t h r e e  microphones on t h e  s t a n d  
was an  e f f e c t i v e  e x i t  d i ame te r  t h a t  i s  an e q u i v a l e n t  f low diam- 
e t e r  o f  t h e  c l u s t e r s .  

A l l  a c o u s t i c  d a t a  were acqu i r ed  u s i n g  t h e  Brue l  and Kjaer 114- 
i n .  condenser  microphone sys tems,  connec ted  by c o a x i a l  c a b l e  t o  
t h e  s i g n a l  c o n d i t i o n i n g  equipment,  and a 14-channel  CEC magnet ic  
t a p e  r e c o r d e r .  The f r equency  range  was 50 t o  10,000 c p s .  An 
e l e c t r i c a l  system c a l i b r a t i o n  f o r  each d a t a  channel  w a s  made p r i o r  
t o  t h e  t e s t  s e r i e s .  An end-to-end ampl i tude  c a l i b r a t i o n  w a s  made 
b e f o r e  each f i r i n g  us ing  t h e  B&K Pis tonphone .  I n  a d d i t i o n ,  each 
microphone was c a l i b r a t e d  by t h e  r e c i p r o c i t y  method and t h e  e l e c -  
t r o s t a t i c  a c t u a t o r  t w i c e  d u r i n g  t h e  t e s t  s e r i e s .  
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All a c o u s t i c  d a t a  were reduced t o  o v e r a l l  t ime h i s t o r i e s  t o  
a i d  i n  s e l e c t i n g  t h e  d a t a  sample t o  be  ana lyzed  and t o  review gen- 
e r a l  d a t a  q u a l i t y .  A 113-octave band a n a l y s i s  was t h e n  made of 
t h e  r e s u l t i n g  t a p e  loops  us ing  t h e  B&K 1 /3 -oc tave  a n a l y z e r .  The 
t r a v e r s i n g  microphone d a t a  were ana lyzed  i n  113-oc tave  band t i m e  
h i s t o r i e s ,  t o  be  l a t e r  conver ted  t o  sound p r e s s u r e  l e v e l  as a 
f u n c t i o n  of d i s t a n c e .  

7 
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111. PROPULSION SYSTEM AND ENGINE PERFORMANCE 

T h i s  c h a p t e r  p r o v i d e s  a g e n e r a l  d e s c r i p t i o n  of t h e  f a c i l i t y  
and propuls ion  system and documents t h e  engine  performance f o r  t h e  
Phase I1 t e s t  f i r i n g s .  The d e t a i l s  of t h e  t e s t  f i x t u r e  a r e  g i v e n  
i n  Ref 1. The engine  performance f o r  t h e  Phase I f i r i n g s  i s  a l s o  
g i v e n  i n  d e t a i l  i n  Ref 1, w h i l e  t h e  p e r t i n e n t  performance r e s u l t s  
a r e  summarized i n  Tables  1 1 1 - 2  and 111-3 f o r  bo th  t h e  Phase I and 
Phase I1 f i r i n g s .  

A .  PROPULSION SYSTEM 

1. Engine Design 

The b a s i c  engine  t h a t  i s  mounted on t h e  t h r u s t  p l a t e  i s  com- 
posed of t h e  t h r u s t  chamber c a s e ,  g r a p h i t e  l i n e r  and t h r o a t ,  i n -  
j e c t o r  p l a t e ,  back p l a t e ,  and i g n i t e r .  F i g .  111-1 shows i n  sche-  
m a t i c  form t h e  engine  assembly, w h i l e  F i g .  1 1 1 - 2  i s  a p i c t u r e  of 
t h e  c a s e  w i t h  t h e  i g n i t e r  i n  p l a c e .  The engine  c a s e  w a s  made of 
s t a i n l e s s  s t e e l  w i t h  Rokide Z c o a t i n g  on t h e  n o z z l e  wa l l s .  The 
g r a p h i t e  l i n e r  i s  wrapped i n  a g l a s s  p h e n o l i c  m a t e r i a l  and m u s t  
be rep laced  w i t h  each f i r i n g .  The g r a p h i t e  t h r o a t  s u f f e r s  some 
t h r o a t  e r o s i o n  a s  evidenced by t h e  decaying  chamber p r e s s u r e  
shown later. 
of t h e  Rokide Z c o a t i n g  a f t e r  a few f i r i n g s .  The i n j e c t o r  p l a t e  
h a s  a s i n g l e  p o r t  0 i n j e c t o r  i n  t h e  c e n t e r  w i t h  a m u l t i p l e  p o r t  

H i n j e c t o r  on t h e  p e r i p h e r y .  S e v e n t y - f i v e  p e r c e n t  of t h e  f u e l  

f low i s  d i r e c t e d  a t  an angle  toward t h e  o x i d i z e r  s t r e a m  and twenty-  
f i v e  percent  f lows a x i a l l y  a long t h e  t h r u s t  chamber wal l s  f o r  f i l m  
c o o l i n g .  The back p l a t e  h o l d s  t h e  p r o p e l l a n t  s u p p l y  l i n e s  from 
t h e  mani fo ld .  The i g n i t e r  i s  an automobile spark plug (Champion 
N-3) w i t h  a modi f ied  gap (Ref 1). S e p a r a t e  t r a n s f o r m e r s  f o r  each 
engine  provided 10,000 vac a t  0.023 amp t o  t h e  i g n i t e r s .  These 
t r a n s f o r m e r s  o p e r a t e d  from 115-vac power. Deta i l s  of t h e  engine  
d e s i g n  and t h e  checkout f i r i n g s  a r e  c o n t a i n e d  i n  Ref 1. The en-  
g i n e  geometry and performance a r e  g i v e n  i n  Tables  111-1, 1 1 1 - 2 ,  
and 111-3. 

The engine case i s  reusable requiring only refurbish 

2 

2 
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Table 111-1 C a l c u l a t e d  Engine Performance Data 

Prop e 1 1 a n t s  

Mixture  Ra t io ,  MR 

Nozzle Expansion Rat io ,  

Chamber P r e s s u r e ,  

Ae/At  

pC 

pe? Nozzle E x i t  P re s su re ,  

E x i t  Mach No., Me 

E x i t  S t a t i c  Temperature,  

E x i t  Dens i ty ,  pe 

S p e c i f i c  Heat a t  Constant  
P r e s s u r e  ( E x i t ) ,  c 

Molecular  Weight, MW 

Combust i o n  Temp e r a t  u r  e ,  

S p e c i f i c  Heat Rat io ,  y 

S p e c i f i c  Impulse,  I 

Thrus t  C o e f f i c i e n t ,  C, 

Te 

P 

TC 

SP 

T h r u s t  (100% Ef f i c i ency)  , F 

E x i t  Ve loc i ty ,  u 

P r o p e l l a n t  Flow, b 

Nozzle E x i t  Diameter, d 

Nozzle Throa t  Diameter, Dt 

Ambient P r e s s u r e  i n  Denver 

g 

P 

e 

Gaseous Hydrogen and 
Gaseous Oxygen 

3 : l  

' (  10.0 

1200 p s i a  

11 .8  p s i a  

3 . 5  

1800 O R  

0.00496 l b / c u  f t  

1 .02 B t u / l b  OR 

8.04 

4844OR 

1.32 

415 s e c  

1 .60  

415 l b  

12,900 f p s  

1 .00 l b / s e c  

1.56 i n .  

0.494 i n .  

11.8 p s i a  

9 

t 
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Engine Thrust Plate 

02 Supply 

Engine Back Plate 

Injector Plate 
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F i g .  111-1 Engine Assembly Schemat ic  
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2 .  P r o p e l l a n t  Supply and T r a n s f e r  System 

A schematic  of t h e  p r o p e l l a n t  supp ly  and t r a n s f e r  system i s  
The GO2 s t o r a g e  c o n s i s t s  of 72 s t a n d a r d  K shown i n  F i g .  111-3. 

b o t t l e s  manifolded t o g e t h e r  w i t h  a s t o r a g e  pressure  of 2400 p s i g .  
Loading p rov i s ions  permi t  t h e  gas  supp ly  t o  be r e p l e n i s h e d  by com- 
m e r c i a l  d e l i v e r y .  The GH s t o r a g e  i s  composed of h i g h  p r e s s u r e  

s t e e l  c y l i n d e r s  w i t h  a t o t a l  w a t e r  volume of  58.5 c u  f t .  The max- 
i m u m  a l lowable  s t o r a g e  p r e s s u r e  i s  2900 p s i g .  L iqu id  hydrogen i s  
loaded  i n t o  a vacuum j a c k e t e d  s p h e r e  w i t h  a c a p a c i t y  of 5 . 5  cu  f t .  
The sphere  i s  t h e n  opened t o  t h e  s t o r a g e  t a n k s  and t h e  l i q u i d  gases  
o f f  i n t o  t h e  s t o r a g e  system. The hydrogen system i s  l o c a t e d  i n  
an e a r t h  revetment  70 f t  from t h e  t e s t  area f o r  s a f e t y  r e a s o n s ,  
Both p r o p e l l a n t s  a r e  t r a n s f e r r e d  t o  t h e  t h r u s t  s t a n d  through 1 1 1 2 -  
i n .  s t a i n l e s s  s t e e l  l i n e s  and c o n t r o l l e d  and r e g u l a t e d  by remote-  
l y  c o n t r o l l e d  v a l v e s  and p r e s s u r e  r e g u l a t o r s  as shown i n  F i g .  III- 
3 .  

2 

On the t h r u s t  s t a n d ,  t h e  p r o p e l l a n t s  are t r a n s f e r r e d  t o  t h e  
engine  i n j e c t o r s  v i a  two c y l i n d r i c a l  man i fo lds  and a s e t  of t o -  
r o i d a l  man i fo lds .  The l a t t e r  permi t  i n d i v i d u a l  f l e x i b l e  hoses  t o  
supp ly  p r o p e l l a n t  from t h e  t o r o i d a l  man i fo ld  t o  each eng ine .  F i g -  
u r e  111-4 i s  a view of t h e  t h r u s t  s t a n d  and a c o u s t i c  measur ing  
f i e l d .  Figure 111-9 shows t h e  t h r u s t  s t a n d  supp ly  l i n e s  and man- 
i f o l d  system. 

A t h r u s t  p l a t e ,  on which t h e  eng ines  are mounted, i s  connected 
t o  t h e  t h r u s t  r eadou t  by a s t e e l  s h a f t .  T h i s  s h a f t  i s  suppor t ed  
from t h e  t h r u s t  mount by b e a r i n g s  which pe rmi t s  f r e e  h o r i z o n t a l  
mot ion .  The t h r u s t  p l a t e  i s  i s o l a t e d  mechan ica l ly  from t h e  r e s t  
of t h e  t h r u s t  s t a n d  by u s e  of f l e x i b l e  supp ly  hoses .  

There were two p r i n c i p a l  changes t o  t h e  p r o p e l l a n t  supp ly  and 
t r a n s f e r  system from t h e  Phase I c o n f i g u r a t i o n .  The hydrogen s t o r -  
age c a p a c i t y  was i n c r e a s e d  by 27% i n  o r d e r  t o  have adequate  f u e l  
f o r  a three-second f i r i n g .  The f low c a p a c i t y  i n  t h e  oxygen s y s -  
tem w a s  i nc reased  by adding  a 1 112- in .  r e g u l a t o r  i n  p a r a l l e l  w i t h  
t h e  e x i s t i n g  r e g u l a t o r .  Both of  t h e s e  changes were n e c e s s a r y  be-  
cause  of t h e  i n c r e a s e d  p r o p e l l a n t  f low r a t e s  r e q u i r e d  by t h e  twelve-  
engine  c lus te rs .  

3 .  Contro l  and F i r i n g  Sequence 

The c o n t r o l  conso le  was s p e c i f i c a l l y  des igned  t o  o p e r a t e  t h e  
d e s c r i b e d  p r o p e l l a n t  system. It c o n s i s t s  b a s i c a l l y  of a t i m e r  and 
an a r r a y  of s t e p p e r  swi t ches  t h a t  a u t o m a t i c a l l y  o p e r a t e  t h e  neces-  
s a r y  va lves  du r ing  a f i r i n g .  Valve t iming  can  e a s i l y  be a l t e r e d  



15 

Martin-CR-66-75 

L 

(u 
I 
W 

I 

w 
% 3  s s  w 

3 

!i 
5 
Y 
8 r 

w 
3 
5 
h 

P 
I- t w > 

8 
k 
-I 

1 

E 
P 
0 

v) 

1 

E 
U I 

h v1 

m 
H 
H H 

Do 4 
h 



16 Martin-CR-66-75 

e I 



Martin-CR-66 -75 17 

f o r  each f u n c t i o n  by a pa tch  pane l .  I n  a d d i t i o n  t o  t h e  au tomat ic  
c o n t r o l  c a p a b i l i t y ,  t h e  console  p rov ides  f o r  command shutdown and 
c o n t a i n s  a p p r o p r i a t e  pos i t i on .  l i g h t s  f o r  a l l  v a l v e s .  The c o n t r o l  
conso le  i s  o p e r a t e d  by 28-vdc power. 

The a c t u a l  sequence of  v a l v e s  d u r i n g  f i r i n g  was a u t o m a t i c a l l y  
c o n t r o l l e d  by t h e  t e s t  console .  F igu re  111-5 r e p r e s e n t s  t h e  se-  
quence of e v e n t s  d u r i n g  a t y p i c a l  f i r i n g .  Before  t h e  f i r e  swi t ch  
i s  a c t u a t e d ,  a n i t r o g e n  purge w a s  e s t a b l i s h e d  i n  t h e  f u e l  mani fo ld  
system and engine  t o  ensu re  t h a t  a l l  a i r  was e l i m i n a t e d  be fo re  hy- 
drogen  e n t e r e d  t h e  system. This purge was con t inued  throughout  
t h e  run  and d u r i n g  p o s t - t e s t ;  however, a check v a l v e  prevented  hy- 
drogen f low i n t o  t h e  purge system dur ing  t h e  6 - sec  p e r i o d  of  f u e l  
f l ow.  The au tomat i c  t i m e r  opened t h e  f u e l  t h r u s t  chamber v a l v e ;  
0 .5  s e c  l a t e r  i t  c l o s e d  t h e  oxygen mani fo ld  v e n t  and opened t h e  
oxygen t h r u s t  chamber v a l v e .  A t  t h i s  p o i n t  i g n i t i o n  occur red ,  and 
immediately ‘ t h e r e a f t e r  t h e  power supp ly  t o  t h e  i g n i t i o n  system was 
manual ly  s h u t  o f f .  Th i s  was done t o  reduce  t h e  i g n i t i o n  system 
o p e r a t i n g  t ime,  s i n c e  t h e  e l e c t r o n i c  i n t e r f e r e n c e  from t h e  s p a r k  
system was r e f l e c t e d  i n  both t h e  a c o u s t i c  and engine  d a t a .  During 
a c t u a l  f i r i n g ,  t h e  oxygen purge v a l v e  w a s  manual ly  opened p e r m i t -  
t i n g  n i t r o g e n  purge  of  t h e  system as soon a s  p r o p e l l a n t  p r e s s u r e  
dropped.  

Th i s  sequencing  provided approximate ly  3 . 5  sec of eng ine  op- 
e r a t i o n  du r ing  which a minimum of  3 s e c  of s t e a d y - s t a t e  d a t a  w a s  
o b t a i n e d .  Hydrogen f low cont inued  f o r  2 s e c  a f t e r  oxygen s h u t o f f  
t o  ensu re  a f u e l - r i c h  shutdown, and a N purge  of  bo th  systems 
t h e n  con t inued  f o r  s e v e r a l  minutes .  2 

This sequence of  e v e n t s  i s  o n l y  s l i g h t l y  d i f f e r e n t  from t h o s e  
i n  t h e  Phase I f i r i n g s .  

4 .  Engine I n s t r u m e n t a t i o n  

The t h r u s t  w a s  measured us ing  t h e  r eadou t  of a s t a n d a r d  load  
c e l l  i n  t h e  t h r u s t  mount. I s o l a t e d  mechan ica l ly  by t h e  supp ly  
f l e x  l i n e s ,  t h e  mount t r a n s m i t s  eng ine  t h r u s t  a long  a c e n t r a l  
s h a f t  which w a s  suppor ted  i n  p i l l o w  b locks .  These b e a r i n g s  c a r r y  
t h e  load  of t h e  eng ines  and engine  mounting p l a t e  and p e r m i t  the  
movement of t h e  s h a f t .  A c a l i b r a t i o n  f i x t u r e  h a s  been made us ing  
a h y d r a u l i c  c y l i n d e r  f o r  t h e  load  i n p u t  and an e x t e r n a l  c a l i b r a t e d  
l o a d  c e l l  t o  measure t h e  inpu t  f o r c e .  Readout w a s  w i t h  (as w i t h  
a l l  p r e s e n t  engine  in s t rumen ta t ion )  a CEC o s c i l l o g r a p h .  
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The p r o p e l l a n t  weight  flow w a s  c a l c u l a t e d  by measuring t h e  tem- 
p e r a t u r e  and p r e s s u r e  i n  t h e  p r o p e l l a n t  man i fo lds  upstream of t h e  
choked v e n t u r i s .  

Engine chamber p r e s s u r e  was in s t rumen ted  by a t a p  immediately 
downstream of t h e  i n j e c t o r  f ace .  A s h o r t  l e n g t h  of t u b i n g  f i l l e d  
w i t h  s i l i c o n  g r e a s e  i s o l a t e d  t h e  t r a n s d u c e r  from t h e  engine  cham- 
b e r .  The l i n e  p r e s s u r e  was a l s o  recorded  upstream and downstream 
of  t h e  r e g u l a t o r  i n  bo th  p r o p e l l a n t  supp ly  l i n e s .  A l l  p r e s s u r e  
t r a n s d u c e r s  were c a l i b r a t e d  us ing  a dead weight  c a l i b r a t o r  produc- 
i n g  an end-to-end system c a l i b r a t i o n .  

An e v e n t s  r e c o r d e r  was used t o  bo th  s e t  t h e  s t a r t  sequence be- 
f o r e  f i r i n g  and t o  r eco rd  the  a c t u a l  v a l v e  t iming  d u r i n g  t h e  f i r -  
i n g s .  

B. ENGINE PERFORMANCE 

The Phase I1 program f i r i n g s  were conducted i n  August and Sep- 
tember of 1966. Tab le s  111-1, 1 1 1 - 2 ,  and 111-3 are summary t a b l e s  
of f a c i l i t y  and engine  performance d a t a .  Table  111-1 c o n t a i n s  en- 
g i n e  exhaus t  d a t a  u s e f u l  i n  t h e  a c o u s t i c  d a t a  c o r r e l a t i o n .  These 
t a b l e s  c o n t a i n  t h e  d a t a  f o r  bo th  t h e  Phase I and Phase I1 f i r i n g s  
s i n c e  t h e  a c o u s t i c  d a t a  c o r r e l a t i o n  and comparison w i l l  make use  
of t h e  d a t a  g a t h e r e d  d u r i n g  bo th  phases .  

I n  Table  111-2, i t  should be  noted  t h a t  t h e r e  i s  a d i f f e r e n c e  
i n  t h e  measured I and t h r u s t  c o e f f i c i e n t  v a l u e s  between t h e  Phase 

I and Phase I1 f i r i n g s .  Since t h e s e  are i d e n t i c a l  eng ine  and i n -  
j e c t o r  c o n f i g u r a t i o n s ,  no d i f f e r e n c e  i n  s p e c i f i c  impulse and t h r u s t  
c o e f f i c i e n t  would be expected.  

SP 

The most r e l i a b l e  measurements based on e x p e r i e n c e  and r epea ted  
c a l i b r a t i o n  are  t h e  p r o p e l l a n t  weight  f low and chamber p r e s s u r e  
measurements.  The t h r u s t  measurement depends c r i t i c a l l y  on t h e  
t h r u s t  s t a n d  c a l i b r a t i o n  under s imula t ed  f i r i n g  c o n d i t i o n s ,  i . e . ,  
w i t h  p r o p e l l a n t  f e e d  l i n e s  p r e s s u r i z e d ,  and i s  t h e r e f o r e  cons id -  
e r e d  t h e  l e s s  r e l i a b l e  a b s o l u t e  measurement.  S i n c e  t h e  i n i t i a l  
t h r o a t  a r e a  can  be determined a c c u r a t e l y ,  t h e  c a l c u l a t e d  t h r u s t  
i n  Table  1 1 1 - 2  f o r  t h e  Phase I1 f i r i n g s  h a s  been de termined  by 
u s i n g  t h e  i n i t i a l  t h r o a t  a rea ,  t h e  measured peak chamber p r e s s u r e ,  
and t h e  average  t h r u s t  c o e f f i c i e n t  de te rmined  from F i r i n g s  3 thru 
8. The agreement between t h i s  c a l c u l a t e d  t h r u s t  and t h e  measured 
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t h r u s t  from t h e  Phase I f i r i n g s  i s  good when c o n s i d e r a t i o n  i s  made 
f o r  t h e  chamber p r e s s u r e s .  The c a l c u l a t e d  s p e c i f i c  impulse i s  t h e n  
o b t a i n e d  by us ing  t h i s  c a l c u l a t e d  t h r u s t  and t h e  measured p r o p e l -  
l a n t  weight f low.  Again, t h e s e  c a l c u l a t e d  impulse v a l u e s  are i n  
f a i r  agreement w i t h  t h e  measured I 

For  t h e  c a l c u l a t i o n s  i n v o l v i n g  t h r u s t  and s p e c i f i c  impulse i n  Chap-  
t e r  VI, the measured v a l u e s  have been used € o r  t h e  Phase I f i r i n g s ,  
and t h e s e  c a l c u l a t e d  v a l u e s  were used f o r  t h e  Phase I1 f i r i n g s .  
Table  111-2 does c o n t a i n  a l l  t h e  measured d a t a  f o r  r e f e r e n c e .  

from t h e  Phase I f i r i n g s .  
SP 

The chamber p r e s s u r e  was measured i n  each eng ine  d u r i n g  t h e  
f i r i n g s  and t h e  t r a c e s  of p r e s s u r e  as a f u n c t i o n  of t ime a r e  shown 
i n  F i g .  111-6, 111-7, and 111-8 f o r  F i r i n g s  9, 10, and 11. The 
decay i n  chamber p r e s s u r e  i s  due t o  t h r o a t  e r o s i o n  d u r i n g  t h e  d u r -  
a t i o n  of t he  f i r i n g .  
d u r i n g  the f i r i n g  i n d i c a t i n g  no dependence on chamber p r e s s u r e  p e r  
s e .  

The a c o u s t i c  d a t a  do no t  v a r y  s i g n i f i c a n t l y  

F igures  111-9, 111-10, and 111-11, show t h e  t h r e e  twelve-en-  
g i n e  c l u s t e r  c o n f i g u r a t i o n s  t e s t e d  d u r i n g  t h e  Phase I1 e f f o r t  
mounted on t h e  t h r u s t  s t a n d .  The n o z z l e  spac ing  a t  t h e  e x i t  w a s  
h e l d  c o n s t a n t  f o r  each of t h e  c l u s t e r  c o n f i g u r a t i o n s .  F i g u r e  III- 
1 2  i s  a ske tch  showing t h e  dimensions of t h e  nozz le  spac ing  € o r  
a l l  program f i r i n g  c o n f i g u r a t i o n s .  All t h e  c l u s t e r  c o n f i g u r a t i o n s  
had s i m i l a r  e x i t  p l ane  spac ing ,  which w a s  f i x e d  main ly  by t h e  en-  
g i n e  f l a n g e  d i ame te r .  

A b r i e f  d e s c r i p t i o n  of each of t h e  Phase I1 f i r i n g s  i s  g i v e n  
below. 

1. Program F i r i n g  No. 9 

Th i s  t e s t  used t h e  twelve-engine  c l u s t e r  c o n f i g u r a t i o n .  Re-  
s u l t s  were s a t i s f a c t o r y  i n  a l l  respects,  w i t h  approximate ly  3.0 
seconds of s t e a d y - s t a t e  d a t a  o b t a i n e d .  Because of  t h e  p rox imi ty  
of t h e  inner  d iameter  of eng ines  t o  t h e  o u t e r  i t  was n o t  p o s s i b l e  
t o  i n s t a l l  chamber p r e s s u r e  i n s t r u m e n t a t i o n  i n  t h e  f o u r  innermost  
e n g i n e s .  Data were no t  v a l i d  € o r  two of t h e  remaining eng ines .  

F igure  111-6 p r e s e n t s  a t i m e  h i s t o r y  of t h e  chamber p r e s s u r e  
d a t a  ob ta ined  d u r i n g  t h i s  run .  The average  maximum chamber p r e s -  
s u r e  f o r  t hese  eng ines  w a s  1 1 9 2  p s i .  
ware was s u s t a i n e d  o t h e r  t h a n  t h e  normal e r o s i o n  of  the g r a p h i t e  
nozz le  l i n e r .  

N o  damage t o  engine  h a r d -  
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F i g .  111-6 Engine Chamber P r e s s u r e  Time H i s t o r y ,  F i r i n g  N o .  9 
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Fig. 111-9 Twelve-Engine Cluster, Firing NO. 9 
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Fig. 111-11 Twelve-Engine Circular Cluster, Engine Cant Angle = 0 deg, 
Firing No. 11 
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2 .  Program F i r i n g  No. 10 

Th i s  f i r i n g  was t h e - c i r c u l a r  c l u s t e r  w i t h  a l l  eng ines  c a n t e d  
15 deg toward t h e  c e n t e r l i n e  of t h e  t h r u s t  p l a t e .  R e s u l t s  were 
a g a i n  s a t i s f a c t o r y .  N o  hardware damage was observed ,  and good 
agreement wi th  r e s u l t s  of F i r i n g  No. 9 w a s  i n d i c a t e d .  Approxi- 
ma te ly  2 . 6  seconds of d a t a  were o b t a i n e d  p r i o r  t o  shutdown. 

F igure  1 1 1 - 7  p r e s e n t s  t h e  chamber p r e s s u r e  d a t a  on t h i s  run .  
Cons i s t en t  r e s u l t s  a r e  no ted  w i t h  t h e  average  maximum p r e s s u r e  
e q u a l  t o  1 2 3 7  p s i .  

3 .  Program F i r i n g  No. 11 

Th i s  t e s t  used t h e  twelve-engine  c i r cu la r  c o n f i g u r a t i o n  w i t h  
a l l  engines  on c e n t e r l i n e .  R e s u l t s  were aga in  s a t i s f a c t o r y ,  and 
no s i g n i f i c a n t  damage w a s  no ted .  Engine chamber p r e s s u r e  d a t a  
(F ig .  111-8) i n d i c a t e  an average  maximum of 1231 p s i .  Th rus t  
chamber va lve  c l o s i n g  was extended one s e c  f o r  t h i s  run  t o  i n c r e a s e  
t h e  per iod  of  s t e a d y - s t a t e  run  t ime as much as p o s s i b l e .  
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I V .  DATA ACQUISITION AND ANALYSIS SYSTEMS 

T h i s  c h a p t e r  d e s c r i b e s  ' the a c o u s t i c  d a t a  a c q u i s i t i o n  and re -  
d u c t i o n  sys tems,  i n c l u d i n g  c a l i b r a t i o n  procedures .  The systems,  
a l t h o u g h  n o t  unusua l ,  meet t h e  program requi rements  f o r  r e l i a -  
b i l i t y  and accuracy .  The da t a  h a n d l i n g  i s  d e s c r i b e d  t o  f a m i l -  
i a r i z e  t h e  r e a d e r  w i t h  t h e  s t e p s  involved .  

A.  DATA ACQUISITION SYSTEM AND PROCEDURES 

The a c o u s t i c  measurement p o i n t s  were d i v i d e d  i n t o  n i n e  f a r -  
f i e l d  and f o u r  n e a r - f i e l d  measurements. The f a r - f i e l d  d a t a  were 
taken  a t  n i n e  a n g u l a r  p o s i t i o n s  ( s e e  F i g .  11-1) on a 1 2 0 - f t  
r a d i u s  measured from t h e  engine e x i t  p lane .  The microphones 
were mounted on 6 - f t  h i g h  poles  w i t h  f i b e r g l a s  mounts a t  an  
a n g l e  of  i n c i d e n c e  e q u a l  t o  0 deg.  I n  F i g .  I V - 1 ,  a t y p i c a l  
f a r - f i e l d  measurement poin t  i s  shown. The microphone power 
supply  i s  l o c a t e d  i n  t h e  box mounted on t h e  lower p a r t  of t h e  
p o l e .  

The n e a r - f i e l d  p o s i t i o n s  i n c l u d e d  t h r e e  pickups mounted 
a l o n g  t h e  engine  c e n t e r l i n e  and upstream of t h e  engine  e x i t  and 
one microphone t h a t  t r a v e r s e s  o u t s i d e  o f  and p a r a l l e l  t o  t h e  
engine  exhaus t  s t ream.  F igure  11-2 shows t h e  l o c a t i o n  o f  t h e s e  
n e a r - f i e l d  p o i n t s .  The e x i t  p l a n e  p o s i t i o n  was f i x e d  f o r  a l l  
f i r i n g s ,  w i t h  t h e  3-D and 16-D p o s i t i o n s  moved f o r  d i f f e r e n t  

c l u s t e r  c o n f i g u r a t i o n s  based on t h e  e f f e c t i v e  c l u s t e r  d i a m e t e r .  
( E f f e c t i v e  d iameter  was c a l c u l a t e d  by m u l t i p l y i n g  t h e  s q u a r e  
r o o t  of t h e  number o f  engines  by t h e  e x i t  d i a m e t e r  o f  a s i n g l e  
engine . )  A t  t h e s e  t h r e e  p o s i t i o n s ,  t h e  microphones were mounted 
a t  g r a z i n g  i n c i d e n c e .  

e e 
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F i g .  I V - 1  F a r - F i e l d  Microphone System I n s t a l l a t i o n  
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The t r a v e r s i n g  microphone was 22 i n .  t o  t h e  s i d e  o f  t h e  c l u s -  . 
t e r  c e n t e r l i n e  when p o s i t i o n e d  a x i a l l y  a t  t h e  engine  e x i t  p l a n e .  
The s e n s i n g  element  was 8 i n .  above t h e  c e n t e r l i n e  of  t h e  c l u s t e r  
a t  a l l  t imes.  This  l a t t e r  p o s i t i o n  was n e c e s s a r y  t o  minimize t h e  
view angle  of t h e  microphone diaphragm and t h e r e b y  reduce  r a d i a -  
t i o n  h e a t i n g  t o  a minimum. The t r a v e r s e  microphone s t a r t e d  11 
i n .  upstream of  t h e  engine  e x i t  p lane  and r a n  a long  an  a n g l e  of  
10 deg ( r e f  t h e  c l u s t e r  c e n t e r l i n e )  a t  a speed of  approximate ly  
3.5 f p s .  The motion was s u p p l i e d  by a 28-vdc motor and p u l l e y  
system mounted on a s t a n d  60 f t  from t h e  engine .  The c a r r i a g e  
h o l d i n g  t h e  microphone remained i n  an u p r i g h t  p o s i t i o n  d u r i n g  
t r a v e l .  The e x t e n s i o n  c a b l e  c o n n e c t i n g  t h e  microphone t o  t h e  
power supply  was suspended from a c a b l e  above t h e  t h r u s t  s t a n d  
and was pa id  o u t  as t h e  microphone t r a v e r s e  r e q u i r e d ,  

A high-speed movie camera (-125 f rames /sec)  recorded  each  
f i r i n g  from a p o i n t  j u s t  downstream of  t h e  e x i t  and 15 f t  t o  
t h e  s i d e  o f  t h e  s t a n d .  This f i l m  coverage was used f o r  g e n e r a l  
flow v i s u l i z a t i o n  and p r o p u l s i o n  system performance and as a 
c a l i b r a t i o n  method f o r  t h e  t r a v e r s i n g  microphone. 

A block diagram of  t h e  a c o u s t i c  d a t a  a c q u i s i t i o n  system i s  
shown i n  F i g .  IV-2. The %-in .  Bruel  and Kjaer  microphones have 
a u s a b l e  f requency range from about  20 c p s  t o  100 k c p s ,  be ing  
down approximate ly  3 db a t  the  lower f requency  and less  t h a n  
t h a t  a t  t h e  h i g h e r  frequency a c c o r d i n g  t o  t h e  m a n u f a c t u r e r ' s  
s p e c i f i c a t i o n s .  The frequency range  of  i n t e r e s t  f o r  t h i s  p r o -  
gram was from 50 t o  10,000 cps s o  t h e  microphone frequency re-  
sponse h a s  no problem i n  cover ing  t h i s  range .  
ment system frequency response was f i x e d  a t  t h e  h igh  end by t h e  
tape r e c o r d e r  response  (0  t o  10,000 c p s  a t  60 i n . / s e c )  and t h e  
Dana a m p l i f i e r s  (0 t o  10,000 c p s ) ,  and a t  t h e  low end by t h e  
microphones.  The r e s u l t i n g  system f requency  response  was 50 
t o  10,000 c p s ,  f l a t  w i t h i n  & one db.  The t o t a l  dynamic range 
u s u a l l y  achieved was about  40 d b .  T h i s  i s  se t  mainly by t h e  
low s i g n a l  o u t p u t  from t h e  mikes t o  t h e  Dana a m p l i f i e r s .  

The t o t a l  measure- 

The a c o u s t i c  c a l i b r a t i o n  procedures  c o n s i s t e d  o f :  (1) m i -  
crophone system c a l i b r a t i o n s  performed by t h e  pr imary s t a n d a r d s  
l a b o r a t o r y ;  ( 2 )  system e l e c t r i c a l  c a l i b r a t i o n s  performed i n  t h e  
f i e l d ;  and ( 3 )  p r e f i r i n g  and p o s t f i r i n g  a c o u s t i c  c a l i b r a t i o n s  
t o  e s t a b l i s h  t h e  a b s o l u t e  s y s t e m  g a i n .  
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0 F i g .  IV-2 Block Diagram of Data Reduction S y s t e m  
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The pr imary s t a n d a r d s  l a b o r a t o r y  made a microphone frequency 
response c a l i b r a t i o n  twice d u r i n g  t h e  Phase I f i r i n g s  and once 
d u r i n g  Phase I1 u s i n g  the Brue l  and Kjaer  e l e c t r o s t a t i c  a c t u a t o r  
and c o v e r i n g  t h e  frequency range  from 20 t o  10,000 c p s .  The abso-  
l u t e  s e n s i t i v i t y  was determined by t h e  r e c i p r o c i t y  technique  u s i n g  
a secondary l a b o r a t o r y  s tandard  microphone. This  was done twice 
d u r i n g  t h e  program. The d i f f e r e n c e s  between b o t h  c a l i b r a t i o n s  
were on t h e  o r d e r  o f  0.5 db .  

The e l e c t r i c a l  system was c a l i b r a t e d  by i n s e r t i n g  an  accu-  
r a t e l y  measured sine-wave s i g n a l  i n t o  each cathode f o l l o w e r  

and r e c o r d i n g  t h i s  s i g n a l  on magnet ic  t a p e  as t h e  frequency was 
v a r i e d  i n  d i s c r e t e  s t eps ,  An a n a l y s i s  o f  t h e  tape playback gave 
t h e  s i g n a l  d e v i a t i o n  as a f u n c t i o n  of  f requency.  This  system 
c a l i b r a t i o n  produced c o r r e c t i o n s  on t h e  o r d e r  of -9 .5  db o v e r  
t h e  f requency  measuring range .  

P r e f i r i n g  and p o s t f i r i n g  c a l i b r a t i o n s  were made u s i n g  t h e  
Brue l  and Kjaer pistonphone c o r r e c t e d  f o r  t h e  b a r o m e t r i c  pres-  
s u r e .  I n  some c a s e s ,  the d i r e c t  o u t p u t  from a channel  was t o o  
h i g h  o r  t o o  low t o  be recorded d i r e c t l y  on t h e  t a p e .  I n  t h e s e  
c a s e s ,  a s i g n a l  s u b s t i t u t i o n  method was used by a c c u r a t e l y  
measuring t h e  microphone system output  f o r  t h e  known i n p u t ,  i . e . ,  
t h e  p is tonphone .  
always w i t h i n  5 . 5  db. 

P r e f i r i n g  and p o s t f i r i n g  c a l i b r a t i o n s  were 
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The t a p e  r e c o r d e r  o s c i l l a t o r s  were s e t  up b e f o r e  each  f i r i n g  
t o  e n s u r e  maximum dynamic range .  The c o n d i t i o n  of  each system 
was determined b e f o r e  each f i r i n g  by o b s e r v i n g  t h e  c a l i b r a t i o n  
s i g n a l  on an  o s c i l l o s c o p e ,  looking  f o r  g e n e r a l  waveshape d i s t o r -  
t i o n  and 60-cyc le  n o i s e .  The t a p e  system d i s t o r t i o n  and c r o s s -  
t a l k  were measured o n l y  a t  t h e  beginning o f  t h e  program and 
were found t o  b e  a t  a c c e p t a b l e  l e v e l s .  The d i s t o r t i o n  measure- 
ments were used t o  determine t h e  maximum s i g n a l  t h a t  could  be 
fed  i n t o  t h e  r e c o r d e r  before  a s i g n i f i c a n t  amount of  d i s t o r t i o n  
was produced. I n  r o c k e t  engine  n o i s e  measurements,  s i n c e  t h e  
expected l e v e l s  can only  b e  e s t i m a t e d ,  t h e  tendency i s  t o  push 
t h e  s i g n a l  l e v e l  h i g h  t o  m a i n t a i n  a good s i g n a l - t o - n o i s e  r a t i o .  
The danger  i n  t h i s  l i e s  i n  a r e s u l t i n g  s i g n a l  l e v e l  t h a t  o v e r -  
d r i v e s  t h e  tape e l e c t r o n i c s  and produces c l i p p i n g  w i t h  a t t e n d a n t  
d i s t o r t i o n .  The dynamic range  of  a l l  channels  was checked when 
se t  up a t  t h e  h i g h e s t  expected g a i n  s e t t i n g s .  A l l  channels  
proved t o  have an  o v e r a l l  s i g n a l - t o - n o i s e  r a t i o  i n  e x c e s s  o f  33 
d b .  I n  most c a s e s ,  t h e  s i g n a l - t o - n o i s e  r a t i o  d u r i n g  a f i r i n g  
exceeded t h i s  v a l u e .  
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Reduction of t h e  t r a v e r s e  microphone d a t a  r e s u l t s  i n  a 113- 
o c t a v e  band SPL as a f u n c t i o n  o f  t i m e .  It i s  n e c e s s a r y  t o  c o n v e r t  
t h i s  t o  a SPL as a f u n c t i o n  of  d i s t a n c e  from t h e  n o z z l e  e x i t  p lane  
t o  o b t a i n  t h e  a p p a r e n t  s o u r c e  l o c a t i o n  d a t a .  I f  t h e  microphone 
t r a v e l s  a t  a c o n s t a n t  speed,  a c o r r e l a t i o n  o f  t h e  s t a r t  and s t o p  
p o s i t i o n s  w i t h  t ime would f i x  t h e  t i m e  and d i s t a n c e  scales .  C a l i -  
b r a t i o n  u s i n g  a 1 /100-sec  e l e c t r i c a l  t imer and a measuring tape 
proved t h a t  t h e  speed of  t r a v e l  had b o t h  l i n e a r  and n o n l i n e a r  
r e g i o n s .  As  a r e s u l t ,  two methods of f i x i n g  t h e  t i m e  and d i s -  
t a n c e  r e l a t i o n s h i p  were used - -  t h e  high-speed f i r i n g  movie, and 
t h e  v e l o c i t y  c a l i b r a t i o n  c u r v e s  and a s t a r t l s t o p  s i g n a l  on t h e  
magnetic tape.  

The f i r s t  method was accomplished by s e t t i n g  s t r i p e d  p o l e s  
i n  l i n e  w i t h  t h e  camera and a t  s p e c i f i e d  a x i a l  d i s t a n c e s  from 
t h e  nozzle  e x i t  p l a n e  (0 ,  2 . 5 ,  and 5 f t ) .  S i n c e  t h e  camera f i l m  
speed can be o b t a i n e d  a c c u r a t e l y ,  t h e  number of  frames were 
counted between s u c c e s s i v e  pole  c r o s s i n g s  t o  de te rmine  t h e  t r a v -  
erse  p o s i t i o n  r e l a t i v e  t o  i g n i t i o n .  T h i s  method i s  most a c c u r a t e  
i n  t h e  r e g i o n  of 0 t o  5 f t  from t h e  n o z z l e  e x i t  p l a n e .  

The second method was accomplished by p l a c i n g  a s p i k e  on t h e  
v o i c e  channel of t h e  magnet ic  tape a t  t h e  microphone s t a r t  and s t o p  
t imes.  This  s p i k e  was g e n e r a t e d  by t h e  same c i r c u i t r y  t h a t  was 
used t o  a c t u a l l y  provide  power t o  t h e  dc  motor d r i v i n g  t h e  t r a v -  
e r s i n g  c a r r i a g e .  S i n c e  a p r e v i o u s  c a l i b r a t i o n  had been made o f  
t h e  microphone p o s i t i o n  as a f u n c t i o n  of  t ime,  t h e  t ime s c a l e  
can be converted t o  a d i s t a n c e  s c a l e .  

An important  p a r t  o f  t h e  d a t a  a c q u i s i t i o n  program w a s  t o  
a c q u i r e  m e t e o r o l o g i c a l  d a t a  p e r t i n e n t  t o  t h e  o b j e c t i v e s  of  t h e  
t e s t s .  For example,  a c o n t r a c t  requi rement  was t h a t  no t e s t i n g  
should  be done w i t h  winds i n  e x c e s s  of  5 k n o t s .  A roof-mounted 
anemometer was used t o  o b t a i n  l o c a l  wind v e l o c i t y  and d i r e c t i o n  
b o t h  of which were recorded  on a p o t e n t i o m e t r i c  r e c o r d e r  a t  t h e  
t i m e  of t e s t .  

The l o c a l  M a r t i n  Company weather  s t a t i o n  provided dry-bulb  
tempera ture ,  dew p o i n t  and/or  r e l a t i v e  humidi ty ,  and b a r o m e t r i c  
p r e s s u r e  c o r r e c t e d  t o  t h e  l a b o r a t o r y  a l t i t u d e  a t  t h e  t ime of  each 
t e s t  f i r i n g .  The weather  s t a t i o n  i s  l o c a t e d  about  5 m i l e  from 
t h e  t e s t  s i t e  on a h i l l t o p .  There was evidence  from t h e  Phase I 
d a t a  t h a t  t h e  a tmospher ic  a c o u s t i c  a t t e n u a t i o n  which was c a l -  
c u l a t e d  based on t h e  s t a t i o n  weather  d a t a  was h i g h .  For t h i s  
r e a s o n  the w e t  and d r y  bulb  tempera ture  and t h e  b a r o m e t r i c  p re s -  
s u r e  were measured a t  t h e  t e s t  s i t e  d u r i n g  t h e  Phase I1 f i r i n g s .  
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T h i s  weather  i n f o r m a t i o n  p e r m i t t e d  t h e  c a l c u l a t i o n  of  engine  per -  
formance and a tmospher ic  a c o u s t i c  a t t e n u a t i o n  a s  w e l l  as e n s u r i n g  
t h a t  t h e  c o n t r a c t  requirement  concern ing  wind v e l o c i t y  was met.  

B .  DATA REDUCTION SYSTEM AND PROCEDURES 

The primary d a t a  r e d u c t i o n  system used i s  shown i n  block 
diagram form i n  F i g .  IV-3. The Ampex ES 100 was used t o  p l a y  
back a l l  t a p e s  f o r  t h e  o v e r a l l  t ime h i s t o r i e s  and t o  reduce  
t h e  t r a v e r s i n g  microphone d a t a .  The Ampex ES 200 loop machine 
was used f o r  a l l  113-octave band a n a l y s e s  o f  each d a t a  sample .  
The Bruel  and Kjaer audiofrequency s p e c t r o m e t e r  was used f o r  

The d a t a  were 
r e c o r d e d  on t h e  Bruel  and Kjaer level  r e c o r d e r .  For  most o f  
the tests, an u n f i l t e r e d  o s c i l l o g r a p h i c  r e c o r d  was made of 
each d a t a  channel u s i n g  the CEC Type 5-119 o s c i l l o g r a p h .  
d a t a  r e d u c t i o n  system c o r r e c t i o n  i s  i n c l u d e d  i n  t h e  p r e v i o u s l y  
d e s c r i b e d  sys t e m  e l e c t r i c a l  response .  

' b o t h  t h e  overall  and  1 /3-oc tave  band a n a l y s e s .  

The 

The d a t a  r e d u c t i o n  procedures  c o n s i s t e d  of  two s t e p s .  The 
d a t a  were played back u n f i l t e r e d  and recorded  on t h e  Bruel  and 
Kjaer l e v e l  r e c o r d e r  and t h e  CEC o s c i l l o g r a p h  as o v e r a l l  r m s  
t i m e  h i s t o r y  and waveform h i s t o r y ,  r e s p e c t i v e l y .  Examination 
o f  t h e s e  r e c o r d s  was made t o  de te rmine  t h e  g e n e r a l  q u a l i t y  o f  
t h e  s i g n a l  and t o  d e t e c t  i f  any c l i p p i n g  o r  o t h e r  d i s t o r t i o n  
w a s  p r e s e n t .  C o r r e l a t i o n  o f  t h i s  r e c o r d  w i t h  t h e  engine  p e r -  
formance d a t a  permxtted a d a t a  sample  t o  be s e l e c t e d  d u r i n g  t h e  
s t e a d y - s t a t e  p o r t i o n  of  the t e s t .  S i n c e  the p r e f i r e  n o i s e  was 
a l s o  recorded ,  t h e  o v e r a l l  s i g n a l - t o - n o i s e  r a t i o  was measured 

. a t  t h i s  t i m e .  The sample times were between 2 . 5  and 4.0 sec f o r  
a l l  r u n s  and are l i s t e d  i n  Table  A - 1  i n  Appendix A.  A f t e r  t h e  
d a t a  sample was s e l e c t e d ,  t h e  113-octave band a n a l y s i s  was p e r -  
formed on a l l  a c o u s t i c  measurements e x c e p t  t h e  t r a v e r s i n g  micro-  
phone. The 113-octave a n a l y z e r  was se t  a t  a s c a n  r a t e  of  one 
113-octave band i n  4 sec.  T h i s  s c a n  r a t e  ensured  t h a t  a l l  d a t a  
from t h e  sample would be used.  
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The s t a t i s t i c a l  accuracy  of a broadband d a t a  a n a l y s i s  i s  a 
f u n c t i o n  of  t h e  sample t i m e  and bandwidth.  For c o n s t a n t  p e r -  
c e n t a g e  bandwidth a n a l y s i s ,  the lowes t  f requency  band i s  t h e  
most u n r e l i a b l e .  Confidence l i m i t s  have been c a l c u l a t e d  from 
Ref 2 f o r  t h e  lower 1 /3-oc tave  bands and a sample t i m e  of 3 sec.  
The r e s u l t s  a r e  t h a t  90% of the d a t a  i n  t h e  50-cps band should 
l i e  w i t h i n  -1.1 and +1 .3  d b  of  t h e  measured v a l u e .  S ince  most 
o f  t h e  d a t a  samples used a r e  f o r  longer  sample t imes ,  t h i s  range 
w i l l  d e c r e a s e .  For example, a 4 - s e c  d a t a  sample w i l l  g i v e  l i m i t s  
f o r  t h e  50-cps band of  from -1.0 t o  +1.1 db f o r  90% o f  t h e  d a t a .  

One r u n  was used t o  determine t h e  113-oc tave  band s i g n a l - t o -  
n o i s e  r a t i o ,  and some r e s u l t s  are  s e e n  i n  F i g .  IV-4. This  i s  t h e  
w o r s t  c a s e  and shows t h a t  64 cps i s  t h e  o n l y  band t h a t  comes even 
c l o s e  t o  a bad s i g n a l - t o - n o i s e  r a t i o .  

The t r a v e r s i n g  microphone da t a  r e d u c t i o n  was ana lyzed  i n  1 /3-  
o c t a v e  bands as a f u n c t i o n  of t i m e .  The marking channel  on t h e  
Brue l  and Kjaer l e v e l  r e c o r d e r  was used t o  r e c o r d  t h e  s t a r t  and 
s t o p  s i g n a l s  from t h e  t a p e .  Various e v e n t s  can  b e  e a s i l y  d e t e c t e d  
on t h e  o v e r a l l  t r a c e  on t h e  l e v e l  r e c o r d e r .  The t r a v e r s e  micro-  
phone i s  s t a t i o n a r y  d u r i n g  the s ta r t  t r a n s i e n t s  and i s  a c t i v a t e d  
o n l y  a f t e r  t h e  e n g i n e s  a r e  running .  The e v e n t s  i n  t h e  s t a r t  s e -  
quence can  be i d e n t i f i e d  and a s s i s t  i n  t h e  checking  of t h e  t r a v -  
erse microphone p o s i t i o n .  The l e v e l  r e c o r d e r  speed i s  a n  impor tan t  
v a r i a b l e  i n  d e t e r m i n i n g  t h e  microphone p o s i t i o n  and, f o r  t h i s  
r e a s o n ,  was checked by  p lay ing  a n  a c c u r a t e  one-pps s i g n a l  on t h e  
marking channel  and running  the t a p e  a t  a n  i n d i c a t e d  speed o f  30 
mm/sec. T h i s  check showed t h a t  t h e  l e v e l  r e c o r d e r  t a p e  speed was 
a c c u r a t e  and s t a b l e .  
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The 1 /3-oc tave  band sound p r e s s u r e  l e v e l s  were t a b u l a t e d  from 
t h e  l e v e l  r e c o r d e r  t r a c e s  by t a k i n g  an average v a l u e  i n  each band 
where some v a r i a t i o n  i n  t i m e  was p r e s e n t .  These d a t a  were t h e n  
c o r r e c t e d  f o r  t h e  microphone and e l e c t r i c a l  system r e s p o n s e s .  
For t h e  frequency range  o f  i n t e r e s t ,  t h e  sum of t h e s e  two c o r r e c -  
t i o n s  was impor tan t  o n l y  i n  the lowest  and h i g h e s t  f requency  bands 
and o n l y  r a r e l y  had a maximum v a l u e  as h i g h  as 1.0 db .  I n  a d d i t i o n ,  
t h e  f a r - f i e l d  d a t a  were c o r r e c t e d  f o r  t h e  a tmospher ic  a t t e n u a t i o n .  
This  c o r r e c t i o n  f o r  a measuring r a d i u s  o f  120  f t  i s  o r d i n a r i l y  
small i f  t h e  r e l a t i v e  humidity exceeds 50%. 
t o  t h e  low p r e v a i l i n g  r e l a t i v e  humidi ty  of  t h e  area,  t h e  atmos- 
p h e r i c  a t t e n u a t i o n  (a )  i s  unusual ly  l a r g e .  The procedure  t o  o b t a i n  
t h e  a t t e n u a t i o n  v a l u e s  g i v e n  i n  Table  V - 1  was as f o l l o w s .  The 
a b s o l u t e  humidi ty  was c a l c u l a t e d  from t h e  weather  d a t a  g i v e n  f o r  
each  t e s t  i n  Table  A - 1  of  Appendix A .  The e x p e r i m e n t a l l y  d e t e r -  
mined d a t a  from Ref 3 were then used t o  de te rmine  t h e  a t t e n u a t i o n .  
Reference  3 g i v e s  a g r a p h i c  r e l a t i o n s h i p  between a b s o l u t e  humidi ty  
and a t t e n u a t i o n  (a) when t h e  m a x i m u m  a t t e n u a t i o n  f o r  a g i v e n  f r e -  
quency i s  known t o  occur  a t  a g i v e n  a b s o l u t e  humidi ty .  (This  ca l -  
c u l a t i o n  c o n t a i n s  an  a l t i t u d e  c o r r e c t i o n  due t o  t h e  f a c t  t h a t  a 
measured dry-bulb  tempera ture  and dew p o i n t  were used i n  o b t a i n i n g  
t h e  v a l u e  of  a b s o l u t e  humidi ty . )  The tempera ture  and dew p o i n t  
were s u p p l i e d  by t h e  weather  s t a t i o n  l o c a t e d  a t  t h e  l a b o r a t o r y  
where t h e  measurements were made. 

I n  t h i s  program, due 

The wind c o n d i t i o n  a t  t h e  t ime of  f i r i n g  i s  noted  i n  Table  
A - 1  i n  Appendix A. It w i l l  be n o t e d  t h a t  f o r  F i r i n g  9 ,  t h e  wind 
speed i s  l i s t e d  a s  4-13 mph. The wind was l e s s  t h a n  4 mph p r e -  
v i o u s  t o  t h e  f i r i n g  w i t h  the  13-mph upper l i m i t  due t o  a g u s t  be-  
f o r e  t h e  f i r i n g  was completed.  S i n c e  an examinat ion of t h e  d a t a  
(SF'L as a f u n c t i o n  of t i m e )  d id  n o t  i n d i c a t e  any marked e f f e c t  
due t o  t h e  g u s t ,  i t  h a s  been assumed t h a t  t h e  wind w a s  l o c a l  and 
d i d  n o t  a l t e r  t h e  sound f i e l d  a p p r e c i a b l y .  

The a c o u s t i c  power l e v e l  spectrum w a s  c a l c u l a t e d  f o r  each 
f i r i n g  by i n t e g r a t i n g  t h e  i n t e n s i t y  over  a hemisphere u s i n g  t h e  
measured f a r - f i e l d  sound p r e s s u r e  l e v e l s .  A v a l u e  of  p c was 

determined f o r  each f i r i n g  t o  u s e  i n  t h i s  c a l c u l a t i o n  and was 
g e n e r a l l y  on t h e  o r d e r  o f  33.5 r a y l s .  

0 0  
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The t r a v e r s i n g  microphone d a t a  r e s u l t s  a r e  g iven  i n  Appendix 
A i n  terms of SPL a s  a func t ion  of d i s t a n c e  from t h e  nozz le  e x i t  
p l ane .  I n  a d d i t i o n ,  t o  determine an  e f f e c t i v e  sou rce  d i s t a n c e ,  
t h e  peak i n  each curve  was n o t e d ,  and two d i s t a n c e s  recorded  
where t h e  SPL was one db below t h e  peak on each  s i d e .  Th i s  r e p -  
r e s e n t s  t o  some e x t e n t  t h e  d e f i n i t i o n  i n  de t e rmin ing  an appa ren t  
sou rce  l o c a t i o n  and r e s u l t s  i n  an a r e a  f o r  each  source  r a t h e r  
t han  a f i x e d  p o i n t .  

B .  RESULTS 

The a c o u s t i c  d a t a  have been t a b u l a t e d  and summarized i n  
Appendix A.  These t a b l e s  g ive  the  r e s u l t s  f o r  a l l  e l e v e n  p r o -  
gram f i r i n g s ,  t a b u l a t i n g  the 1 /3 -0c tave  band power s p e c t r a ,  t h e  
sound p r e s s u r e  l e v e l  s p e c t r a ,  and t h e  sound p r e s s u r e  d i s t r i b u t i o n  
a long  t h e  exhaus t  s t ream boundary. 

There were 1 3  a c o u s t i c  measurements planned f o r  each  of t h e  
11 program f i r i n g s  f o r  a t o t a l  o f  143 measurement p o i n t s .  O f  
t h e  143 planned measurements, n i n e  were unsuccess fu l  due t o  
equipment ma l func t ion .  Five of  t h e s e  n ine  were f a r - f i e l d  d a t a  
needed t o  c a l c u l a t e  t he  a c o u s t i c  power spectrum. To s u p p l y  t h e  
mis s ing  d a t a  f o r  the  power l e v e l  c a l c u l a t i o n ,  t h e  113-octave 
band sound p r e s s u r e  l e v e l s  were p l o t t e d  f o r  t he  f i r i n g ,  and t h e  
mis s ing  d a t a  p o i n t s  were i n t e r p o l a t e d  o r  e x t r a p o l a t e d  a s  nec-  
e s s a r y .  Data  ob ta ined  i n  t h i s  manner a r e  so noted i n  t h e  t a b l e s  
of  Appendix A .  

The t r a v e r s i n g  microphone d a t a  were n o t  ob ta ined  on fou r  of  
t h e  f i r i n g s  f o r  t h r e e  d i f f e r e n t  r e a s o n s .  The c a l i b r a t i o n  tone  
was l o s t  on two f i r i n g s ,  the t r a v e r s i n g  mechanism s e i z e d  on one 
f i r i n g ,  and t h e  microphone was damaged on F i r i n g  11. 

The f i r s t  s i x  program f i r i n g s  were made i n  two groups  o f  
t h r e e  i d e n t i c a l  c o n f i g u r a t i o n s  t o  o b t a i n  a measure of  t h e  r e -  
p e a t a b i l i t y  of  t h e  o v e r a l l  system. Reference 1 c o n t a i n s  a 
d i s c u s s i o n  of  t h e s e  d a t a .  The major r e s u l t s  a r e  t h a t  t h e  r e -  
p e a t a b i l i t y  o f  t h e  f a r - f i e l d  SPL s p e c t r a  i s  +3 db f o r  95% of 
t h e  p o i n t s ,  and f o r  t h e  power s p e c t r a ,  i t  i s  +2 - db f o r  98% of 
t h e  113-octave bands.  
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The d i s c u s s i o n  of r e s u l t s  and comparison w i t h  o t h e r  s i m i l a r  
work i s  conta ined  i n  Chapter  V I .  The one s e t  o f  c u r v e s  i n  F i g .  
V - 1  w i l l  se rve  t o  i l l u s t r a t e  s e v e r a l  p o i n t s .  These are t h e  1/3- 
octave band power spectrum c u r v e s  f o r  F i r i n g s  1, 4 ,  7, and 10. 
The "dip" i n  t h e  spectrum a t  315 to 400 c p s  for F i r i n g s  1, 4, and 
7 and a t  800 cps f o r  F i r i n g  10 a r e  a t t r i b u t e d  t o  a ground a t t e n u a -  
t i o n  phenomenon d i s c u s s e d  i n  d e t a i l  i n  Appendix A o f  Ref 1. T h i s  
a b s o r p t i o n  i s  a f u n c t i o n  of s o u r c e  and receiver geometry and t h e  
s p e c i f i c  impedance of  t h e  ground p l a n e .  The t h e o r y  i n  Ref 1 
shows t h a t  t h e  maximum a t t e n u a t i o n  o c c u r s  a t  a n  i n c r e a s i n g  v a l u e  
o f  t h e  frequency a s  t h e  impedance i n c r e a s e s .  The t r e n d  i s  borne  
o u t  by the d a t a  of F i g .  V - 1  and t h e  o b s e r v a t i o n  of  t h e  change i n  
t h e  ground c o n d i t i o n s  between t h e  Phase I and Phase I1 f i r i n g s .  
The ground d u r i n g  t h e  Phase I f i r i n g s  was g e n e r a l l y  s o f t  w i t h  a 
low s p e c i f i c  impedance ( a c t u a l  v a l u e s  a r e  g i v e n  i n  Ref 1). I n  
p r e p a r a t i o n  f o r  t h e  Phase I1 f i r i n g s  (9  t h r u  l l ) ,  t h e  measuring 
p l a n e  was scraped  and packed r e s u l t i n g  i n  a "hard" s u r f a c e  w i t h  
undoubtedly a h i g h e r  s p e c i f i c  impedance. T h i s  e f f e c t  makes t h e  
d a t a  i n t e r p r e t a t i o n  d i f f i c u l t  b u t ,  i n  most cases o f  t h e  s t u d y  i n  
Chapter  V I ,  i t  i s  e a s i l y  i d e n t i f i a b l e .  

The spectrums i n  F i g .  V - 1  a l s o  i l l u s t r a t e  t h e  marked change 
i n  t h e  spectrum shape r e s u l t i n g  from t h e  c l u s t e r  c o n f i g r u a t i o n s .  
The s h a r p  r i s e  i n  t h e  low frequency n o i s e  r e s u l t s  i n  a s h i f t  o f  
t h e  peak of t h e  spectrum t o  lower f r e q u e n c i e s  f o r  t h e  l a r g e r  
c l u s t e r s ,  The h i g h  f requency  components, a f t e r  an  i n c r e a s e  be-  
tween t h e  s i n g l e  engine  and t h e  f i v e - e n g i n e  c l u s t e r ,  do n o t  
f u r t h e r  i n c r e a s e  i n  magnitude f o r  t h e  l a r g e r  c l u s t e r s .  
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V I .  DISCUSSION OF DATA AND DATA COMPARISON 

The noise  sou rce  produced by high-speed g a s  f low i s  a compli-  
c a t e d  phenomenon. I n  s p i t e  of  t h e  f a c t  t h a t  much t h e o r e t i c a l  and 
exper imenta l  work h a s  been done i n  t h i s  f i e l d ,  i t  i s  n o t  now pos- 
s i b l e  t o  a c c u r a t e l y  p r e d i c t  t h e  n o i s e  s o u r c e  c h a r a c t e r i s t i c s  o r  
r e s u l t i n g  a c o u s t i c  f i e l d  u s i n g  the o b t a i n a b l e  aerodynamic data o f  
t h e  exhaust  s t r e a m ,  A s t e p  i n  t h i s  a r e a  h a s  been t aken  (Ref 4 )  
where t h e  a c o u s t i c  power spec t rum of  a subson ic  j e t  h a s  been c a l -  
c u l a t e d  us ing  aerodynamic v a r i a b l e s  of t h e  e x h a u s t .  S p e c i f i c a l l y ,  
t h e  mean v e l o c i t y  d i s t r i b u t i o n  i n  t h e  exhaus t  i s  coupled w i t h  an  
appa ren t  source  l o c a t i o n  t o  c a l c u l a t e  t h e  a c o u s t i c  power spec t rum.  

I n  the  absence o f  a s i m i l a r  method f o r  r o c k e t  exhaus t  s o u r c e s ,  
t h e  approach of deve loping  c o r r e l a t i o n  pa rame te r s  h a s  been used 
most o f t e n .  Many pa rame te r s ,  such a s  t h e  "gene ra l i zed  power spec-  
t rum,"  have been produced i n  an  e f f o r t  t o  p r o v i d e  t h e  means w i t h  
which t o  p r e d i c t  t h e  a c o u s t i c  c h a r a c t e r i s t i c s  of r o c k e t  motor  ex- 
h a u s t s  no t  p r e v i o u s l y  measured o r  perhaps  even b u i l t .  I n  add i -  
t i o n  t o  p rov id ing  a means of e x t r a p o l a t i n g ,  t h e  c o r r e l a t i o n  param- 
e t e r s  can a l s o  g i v e  a q u a l i t a t i v e  i n s i g h t  i n t o  t h e  b a s i c  n o i s e  
sou rce  mechanism. 

The a c o u s t i c  power spec t rum and t h e  d i r e c t i v i t y  a r e  sou rce  
c h a r a c t e r i s t i c s  necessa ry  t o  d e f i n e  t h e  f a r  a c o u s t i c  f i e l d .  These,  
coupled wi th  t h e  "apparent  source  l o c a t i o n "  i n  t h e  s t r eam,  have 
been used w i t h  some s u c c e s s  i n  d e f i n i n g  t h e  n e a r l f i e l d  env i ron -  
ment.  F i n a l l y ,  t h e  c o r r e l a t i o n  of  t h e  n e a r - f i e l d  a c o u s t i c  env i ron -  
ments along t h e  upstream a x i s  of t h e  f low i s  a u s e f u l  pa rame te r .  

T h i s  chap te r  c o n t a i n s  a d i s c u s s i o n  of  t h e  d a t a  ga the red  dur -  
i n g  bo th  Phase I and Phase I1 of t h i s  c o n t r a c t .  T h i s  d i s c u s s i o n  
i s  combined w i t h  a comparison of t h e s e  d a t a ,  i n f o r m a t i o n  produced 
by o t h e r  r e s e a r c h e r s ,  and some sugges ted  c o r r e l a t i o n  p a r a m e t e r s .  

Tab le s  VI-1 and VI-2 a r e  t a b u l a t i o n s  of  t h e  engine  performance 
d a t a  f o r  the  p r e s e n t  work and f o r  the v a r i o u s  s o u r c e s  used i n  t h e  
c o r r e l a t i o n  s t u d y .  Most of t h e  d a t a  a r e  inc luded  i n  t h e  r e f e r e n c e d  
r e p o r t s ;  however, some h a s  been e s t i m a t e d  i n  o r d e r  t o  make u s e  of  
t h e  a c o u s t i c  d a t a .  It should  be emphasized t h a t  t h e  d a t a  s e l e c t e d  
f o r  comparison were o b t a i n e d ,  a s  i n  t h e  p r e s e n t  work, from unde- 
f l e c t e d  high speed e x h a u s t s .  The d i s c u s s i o n  i s  broken i n t o  f i v e  
main a r e a s  -- t h e  o v e r a l l  a c o u s t i c  power l e v e l ,  t h e  a c o u s t i c  power 
spectrum, t h e  d i r e c t i o n a l  e f f e c t s ,  t h e  appa ren t  sou rce  l o c a t i o n ,  
and t h e  near sound f i e l d .  
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The a c o u s t i c  e f f i c i e n c y  of an  exhaus t  s t r eam i s  de f ined  a s  
t h e  r a t i o  of t h e  a c o u s t i c  power t o  t h e  mechanica l  power of  t h e  
e x h a u s t .  T h i s  parameter  h a s  been proven u s e f u l  i n  c o r r e l a t i n g  
t h e  e f f i c i e n c y  a s  a f u n c t i o n  of mechanical  power, a s  i n  Ref 5 .  

Guest  u s e d  d a t a  over  a t h r u s t  range  of 4000 t o  1 . 5  x 10 l b  and 
showed t h a t  t h e  e f f i c i e n c y  (7) i n c r e a s e s  w i t h  mechanical  power, 
approaching  a c o n s t a n t  v a l u e  of 0 .6% f o r  mechanical  powers on t h e  

o r d e r  of  10 w a t t s .  

6 

12 

The r e s u l t s  o f  t h e  p r e s e n t  work a r e  shown i n  a d i f f e r e n t  form 
i n  F i g .  V I - 1  ( a l s o  i n  Table  VI-2) a long  w i t h  d a t a  from t h e  i n d i -  
c a t e d  s o u r c e s .  Here,  t h e  t o t a l  a c o u s t i c  power i s  p l o t t e d  a s  a 
f u n c t i o n  of t h e  s t r eam mechanical power w i t h  l i n e s  of  conve r s ion  
e f f i c i e n c y  ( 7 )  drawn i n .  The r e s u l t s  of t h e  p r e s e n t  work, rang-  
i n g  i n  t h r u s t  from 400 t o  4600 l b ,  l i e  a long  t h e  0.25% e f f i c i e n c y  
l i n e ,  

mechanica l  powers on t h e  order  of 10 w a t t s .  It  i s  obvious  from 
F i g .  V I - 1  t h a t  t h e r e  i s  c o n s i d e r a b l e  s c a t t e r  of t h e  d a t a  over  a 
wide range  o f  mechanical  power. For  example, e f f i c i e n c e s  a s  h i g h  
a s  2.4% were ob ta ined  by Morgan (Ref 6) a t  a mechanical  power of 

10 w a t t s .  Th i s  i s  an o r d e r  of magnitude h i g h e r  t han  would be 
expec ted  based on t h e  t r e n d  e s t a b l i s h e d  by t h e  o t h e r  d a t a .  

G u e s t ' s  curve  i n d i c a t e s  a n  e f f i c i e n c y  of about  0 .2% f o r  
7 

6 

There  i s  a l s o  some s c a t t e r  between t h e  v a r i o u s  c l u s t e r  con- 
f i g u r a t i o n s  of t h e  p r e s e n t  work, The changing e f f i c i e n c y  h e r e  can  
be i n t e r p r e t e d  a n o t h e r  way, namely a s  an e f f e c t  of c l u s t e r i n g .  
Tab le  V I - 3  g i v e s  t h e  measured power l e v e l  of each  c l u s t e r  and t h e  
power l e v e l  which would be expected i f  t h e  c l u s t e r s  e x h i b i t  t h e  
same e f f i c i e n c y  a s  t h e  s i n g l e  e n g i n e .  The d i f f e r e n c e  i s  a meas- 
u r e  of t h e  e f f e c t  on t h e  t o t a l  a c o u s t i c  power o f  c l u s t e r i n g  a 
number of  engine  modules.  That t h e  reduced power l e v e l  ( e . g . ,  
-2 .5  db f o r  F i r i n g  11) i s  a n  e f f e c t  due t o  c l u s t e r i n g  i s  suppor ted  
by t h e  few i n v e s t i g a t o r s  who have worked w i t h  c l u s t e r e d  n o z z l e s .  
Measured r e s u l t s  i n  Ref 7 and 8 conf i rm t h i s  r e s u l t ,  w h i l e  t h e  
t h e o r e t i c a l  work of P o t t e r  and Crocker  i n  Ref 9 r ecogn ize  t h e  e f -  
f e c t  a s  b e i n g  due t o  s h i e l d i n g  o f  t h e  " inner"  a c o u s t i c  s o u r c e s  o f  
t h e  c l u s t e r ,  



~ 

Mar t i n  -C R-66 - 7 5 
48 

STREAM MECHANICAL POWER, 
WMS wotts. 

7 
9 IO - 

0 IO - 

? 10 - 

6 I O  - 

I 
I 
5 

I 
I 

I 
S 

I o4 I o8 I o6 
-ACOUSTIC POWER, W watts.- 

Fig .  VI-1 Comparison of  Acoustic Efficiency, 

I 
8 



Ma r t i n -  CR- 66- 7 5 

Table  VI-3 Effects of C l u s t e r i n g  on O v e r a l l  A c o u s t i c  Power Level 

F i r i n g  

1-3 

4- 6 

7-8 

9 

10 

11 

C o n f i g u r a t i o n  
~- 

S i n g l e  Engine 

F ive  -Engine 
C l u s t e r s  

Eight-Engine 
Clusters 

Twelve -Engine 
C lus t e r s  

Twelve-Engine, 
C i r c u l a r ,  
Canted 

Twelve-Engine, 
C i r c u l a r  

Me a sur e d 
O v e r a l l  Acous t ic  

Power Level 
(db) 

170 

176 

177 

181 

181.5 

178 

O v e r a l l  A c o u s t i c  
Power Level  

o f  t h e  S i n g l e  Engine 
(+ 1 0  l o g  AWm) 

170 

177 

179 

180 

180.5 

180.5 

A Power 
Level  
(db) 

-- 

-1 

-2 

+1 

+1 

-2 .5 

Note:  AW = t h e  i n c r e a s e  i n  mechanical s t r e a m  power of  t h e  g i v e n  c lus t e r  m - 
over  a s i n g l e  e n g i n e .  

B .  ACOUSTIC POWER SPECTRUM 

The p r e s e n t  work o f f e r s  the o p p o r t u n i t y  t o  e x p l o r e  t h e  e f f e c t  
t h a t  c l u s t e r i n g  h a s  on t h e  a c o u s t i c  power spec t rum.  
d a t a  used t o  determine t h e  v a r i o u s  g e n e r a l i z e d  power spec t rums,  
such a s  Ref 1 0  and 11, a r e  produced by s i n g l e  n o z z l e s ,  t h e  ques- 
t i o n  a r i s e s  a s  t o  t h e  c h a r a c t e r i s t i c  d iameter  t o  be used i n  c o r -  
r e l a t i n g  c l u s t e r e d  e n g i n e s .  In  t h e  p a s t ,  an e q u i v a l e n t  d iameter  
h a s  been used and i s  d e f i n e d  a s  t h e  d iameter  of a s i n g l e  n o z z l e  
w i t h  t h e  e x i t  a r e a  e q u a l  t o  the  t o t a l  c l u s t e r  e x i t  a r e a  o r ,  D = 

Since  t h e  

e 
f i d .  e 
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T h i s  diameter  may n o t  r e p r e s e n t  any  r e a l  p h y s i c a l  dimension 
i n  t h e  exhaust  s t ream b u t  i s  t h e  d i a m e t e r  of a n  e q u i v a l e n t  s i n g l e  
e n g i n e  f l o w  a r e a .  

F igure  VI-2 shows t h e  power spec t rum c o r r e l a t i o n  of t h e  p r e s -  
The o r d i n a t e  i n  t h e  f i g -  e n t  work us ing  t h i s  e f f e c t i v e  d iameter .  

u r e  i s  one proposed by Cole i n  h i s  c o r r e l a t i o n  of  power spectrum 
d a t a  i n  Ref 10. The d a t a  used h e r e  a r e  t h e  1/3-octave power 
spectrum l e v e l s  and a r e  t h e  a c t u a l  d a t a  p o i n t s .  The e f f e c t  o f  
t h e  ground a t t e n u a t i o n  d i s c u s s e d  p r e v i o u s l y  i s  e v i d e n t  i n  t h e  
"dip" i n  t h e  d a t a  p o i n t s .  T h i s  c o r r e l a t i o n  g i v e s  a f a i r  c o l l a p s e  
of t h e  d a t a ,  b u t  t h e  r e s u l t i n g  curve  does  n o t  a g r e e  w i t h  C o l e ' s  
g e n e r a l i z e d  spectrum which peaks a t  a S t h r o u h a l  number of 0.025 
and a t  +11 db on t h e  o r d i n a t e  

The bottom p l o t  i n  F i g .  VI-2 u s e s  t h e  d i a m e t e r  o f  t h e  c l u s t e r  
a s  t h e  c h a r a c t e r i s t i c  d iameter  w i t h  t h e  r e s u l t  t h a t  t h e  d a t a  a g a i n  
c o r r e l a t e s ,  b u t  t h e  agreement w i t h  C o l e ' s  c u r v e  i s  n o t  v e r y  good. 
T h i s  c l u s t e r  d iameter  i s  measured between t h e  o u t e r  edges of  t h e  
o u t s i d e  engines  i n  each c l u s t e r  and comes c l o s e r  t o  r e p r e s e n t i n g  
a n  a c t u a l  s t r e a m  dimension t h a n  t h e  e f f e c t i v e  d i a m e t e r .  To com- 
p a r e  w i t h  o t h e r  i n v e s t i g a t o r s ,  t h e  p l o t  o f  F i g .  V I - 3  i s  used,  
which i s  from Manhart (Ref  11) and c o n t a i n s  d a t a  from Cole  (Ref 
l o ) ,  Morgan and Young (Ref 6 ) ,  and t h e  p r e s e n t  work. T h i s  c o r -  
r e l a t i o n  technique  does n o t  work w e l l  a s  can  b e  s e e n  from t h e  
f i g u r e .  Table V I - 1 ,  which c o n t a i n s  t h e  performance d a t a  f o r  t h e s e  
r e f e r e n c e s ,  shows a wide range of t h r u s t ,  v e l o c i t y ,  and n o z z l e  
d i a m e t e r  covered i n  t h e  a t tempted  c o r r e l a t i o n  i n  F i g .  VI-3. The 
magnitude of  t h e  f a c t o r  U D seems t o  be involved  i n  t h e  d a t a  

s c a t t e r ,  i n d i c a t i n g  t h a t  t h e  b a s i c  c o r r e l a t i n g  parameters  a r e  not  
c o r r e c t  over t h i s  range of v a r i a b l e s .  

e r e  

A d i f f e r e n t  approach i s  used i n  t h e  r e s u l t  shown i n  F i g .  V I - 4 .  
The o r d i n a t e  i s  s imply t h e  o c t a v e  band power leve l  r e l a t i v e  t o  t h e  
o v e r a l l  power l e v e l .  The a b s c i s s a  i s  a g a i n  t h e  S t r o u h a l  number 
u s i n g  a n  e f f e c t i v e  d i a m e t e r .  The c o r r e l a t i o n  of  t h e  p r e s e n t  work 
i s  v e r y  good i n  F i g ,  VI-4 (most o f  t h e  p o i n t s  below t h e  c u r v e  re- 
s u l t  from t h e  ground a t t e n u a t i o n ) .  Comparing t h i s  w i t h  t h e  o t h e r  
work i n  t h e  lower part of  t h e  f i g u r e  shows t h e  agreement t o  be 
good on the o r d i n a t e  b u t  poor on t h e  a b s c i s s a .  The shapes  of t h e  
c u r v e s  a r e  s i m i l a r  b u t  seem t o  be s c a t t e r e d  a l o n g  t h e  a b s c i s s a .  
Two o t h e r  s o u r c e s  o f  d a t a  a r e  added on t h i s  p l o t  -- t h a t  of Mayes 
(Ref 12) and a n o t h e r  r e p o r t  by Cole (Ref 13). 
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The f a i l u r e  of t h e s e  pa rame te r s  t o  c o r r e l a t e  the d a t a  i n d i -  
c a t e s  t h a t  t h e  a c o u s t i c  s o u r c e  c h a r a c t e r i s t i c s  i n  r o c k e t  e x h a u s t s  
a r e  no t  def ined  a d e q u a t e l y  by t h e  c o r r e l a t i o n  factors  i n v o l v i n g  
t h e  e x i t  v e l o c i t y  and by t h e  v a r i o u s  d i a m e t e r s  which were used.  
O t h e r  c o r r e l a t i o n  pa rame te r s  w e r e  t r i e d  u s i n g  the v a r i o u s  com- 
b i n a t i o n s  of  v a r i a b l e s  proposed by o t h e r  i n v e s t i g a t o r s .  
s a t i s f a c t o r y  i n  c o r r e l a t i o n  o f  a l l  t h e  d a t a  and f e w  seem t o  have 
any  r e l a t i o n s h i p  t o  t h e  p h y s i c a l  s i t u a t i o n  invo lved ,  

None were 

P o t t e r  and Crocker  (Ref 9)  have demonst ra ted  some s u c c e s s  by 
c o n s i d e r i n g  a c l u s t e r  of r o c k e t s  t o  produce t w o  r e g i o n s  of f low 
each  of which h a s  a d i s t i n c t i v e  a c o u s t i c  i d e n t i t y .  One r e g i o n  
n e a r  t h e  engine e x i t  i s  composed o f  t h e  i n d i v i d u a l  f l o w s  i n  t h e  
c l u s t e r .  T h i s  r e g i o n  h a s  a c h a r a c t e r i s t i c  v e l o c i t y  and d i ame te r  
e q u a l  t o  the  engine  e x i t  v e l o c i t y  and d i a m e t e r .  The second f low 
r e g i o n  e x i s t s  where t h e  i n d i v i d u a l  exhaus t  s t r eams  have  mixed t o  
produce a f low which h a s  a l a r g e  d i ame te r  and a subson ic  v e l o c i t y .  
When t h e  c o n t r i b u t i o n  from t h e s e  two f low r e g i o n s  t o  t h e  power 
spec t rum a r e  compared, i t  i s  s e e n  t h a t  t h e  l a r g e  d i ame te r  sub- 
s o n i c  flow i s  t h e  major  c o n t r i b u t o r  t o  t h e  low f r equency  p a r t  of  
t h e  spectrum, and t h e  i n d i v i d u a l  f lows  produce t h e  major  e f f e c t  
i n  the  high f r equency  end of  t h e  spec t rum.  The subson ic  p o r t i o n  
produces  t h e  "peak" i n  t h e  o v e r a l l  power spec t rum.  

Using a method developed by  P o t t e r  and Crocl ter ,  t h e  v e l o c i t y  
(Us) and the  d iameter  (Ds) were c a l c u l a t e d  f o r  t h e  c l u s t e r s  of  

t h e  p r e s e n t  work. T h i s  v e l o c i t y  and d i ame te r  a r e  t h o s e  a t  t h e  
e x i t  of a nozz le  which would produce t h e  combined f low.  Using 
t h e s e  v e l o c i t i e s  and d i ame te r s ,  t h e  s p e c t r a  shown i n  F i g .  V I - 5  
were c a l c u l a t e d .  The s i n g l e - e n g i n e  subson ic  v e l o c i t y  and diam- 
e t e r  were de te rmined  from t h e  nondimensional  c u r v e s  of Anderson 
and Johns  (Ref 14 ) .  For  a n  e x i t  Mach number of 3.5, the end of 
t h e  supe r son ic  c o r e  i s  found a t  x d equa l  t o  42.  Taking t h e  

tempera ture  decay  c u r v e s  and t h e  known e x i t  t empera tu re ,  t h e  
s t r eam s t a t i c  t empera tu re  a t  t h e  co re  t i p  was c a l c u l a t e d  t o  be 
860'R. Since t h e  Mach number i s  1 . 0  a t  t h i s  p o i n t ,  t h e  s t r eam 
v e l o c i t y  (Us) was de termined  t o  be e q u a l  t o  2630 f p s .  

i n g  c h a r a c t e r i s t i c s  o f  t h e  s t ream a r e  a l s o  g i v e n  by R e f  14 f o r  a 
number o f  r o c k e t  motors .  The e f f e c t i v e  s t r eam d iame te r  a t  t h e  
end of t he  supe r son ic  c o r e  was de te rmined  by t h e  r a d i a l  v e l o c i t y  
d i s t r i b u t i o n  a t  t h i s  p o i n t .  Taking p o i n t s  on t h e  r a d i a l  v e l o c i t y  
d i s t r i b u t i o n  curve  where t h e  v e l o c i t y  i s  10% of  i t s  c e n t e r l i n e  
v a l u e  r e s u l t e d  i n  a d i ame te r  (D5) of  15 i n .  

/ e  

The spread- 
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Using t h e s e  subson ic  v e l o c i t i e s  and e q u i v a l e n t  d i a m e t e r s  r e -  
s u l t  i n  good c o r r e l a t i o n  of  t h e  s p e c t r a  i n  F i g .  V I - 5 .  The heavy 
l i n e  on F ig ,  VI-5 i s  from H a r r i s  (Ref 15) and i s  t h e  g e n e r a l i z e d  
spectrum f o r  subsonic  a i r  j e t s  and j e t  e n g i n e s .  The agreement  i s  
v e r y  good excep t  a t  t h e  S t r o u h a l  numbers above t h e  peak. This 
p a r t  o f  the spectrum i s  undoubtedly i n f l u e n c e d  by t h e  f low n o i s e  
produced near  t h e  nozz le  e x i t  i n  t h e  unmixed r e g i o n .  The peak 
S t rouha l  number i s  about  0 .25,  and t h e  peak occur s  on t h e  o r d i -  
n a t e  a t  a value of about  +4 db. 

The procedure f o r  t h e  c a l c u l a t i o n  of t h e  subson ic  v e l o c i t y  
and diameter  a r e  no t  w e l l  d e f i n e d .  For  example, t h e  t empera tu re  
decay i n  the  s t ream depends c r i t i c a l l y  on t h e  amount of a f t e r b u r n -  
i n g  i n  the exhaus t  a s  w e l l  a s  t h e  thermodynamic p r o p e r t i e s  i n  t h e  
f low.  It i s  a l s o  d i f f i c u l t  t o  f i x  a d i ame te r  s i n c e  t h e  f low h a s  
a developed t u r b u l e n t  f low p r o f i l e  a t  t h i s  p o i n t .  

P o t t e r  and Croclter (Ref 9 )  make c e r t a i n  assumpt ions  i n  deve l -  
oping t h e  e q u a t i o n s  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  "mixed" v e l o c i t y  
and d iameter  of a c l u s t e r  of  r o c k e t  mo to r s .  It i s  no t  known how 
c l o s e l y  the p r e s e n t  c l u s t e r  plumes conform t o  t h e s e  assumpt ions ,  
main ly  because o f  l a c k  of i n f o r m a t i o n  on t h e  a f t e r b u r n i n g  i n  t h e  
exhaus t  . 

The success  demonstrated by P o t t e r  and Croclter and appa ren t  
c o r r e l a t i o n  observed  w i t h  t h e  p r e s e n t  d a t a  i s  s u f f i c i e n t  ev idence  
t o  war ran t  f u r t h e r  i n v e s t i g a t i o n  i n  t h i s  a r e a .  Another c o n c l u s i o n  
which might be drawn i s  t h a t  t h e  major  s o u r c e s  of n o i s e  i n  t h e  
supe r son ic  r o c k e t  exhaus t  s t r eam may v e r y  w e l l  be  i n  t h e  h i g h l y  
t u r b u l e n t  subson ic  r e g i o n  o f  t h e  f low.  

C .  DIRECTIVITY INDEX * 

The d i r e c t i v i t y  index  i s  a measure o f  t h e  d e p a r t u r e  of  t h e  
sou rce  d i r e c t i o n a l  c h a r a c t e r i s t i c s  from t h a t  of a p o i n t  s o u r c e .  
It i s  determined by comparing t h e  measured SPL a t  a p o i n t  i n  t h e  
f a r - f i e l d  w i t h  t h e  average  SPL a t  t h e  same d i s t a n c e  from t h e  s o u r c e .  
These v a l u e s  can be ob ta ined  from each 113-oc tave  band f o r  e v e r y  
f i r i n g  by u s i n g  t h e  t a b u l a t e d  d a t a  i n  Appendix A .  The d i f f e r e n c e  
between the power l e v e l  and t h e  ave rage  SPL i s  approx ima te ly  50 db 
f o r  t h e  120- f t  r a d i u s  and t h e  e x i s t i n g  a tmospher ic  c o n d i t i o n s .  
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For comparison,  t h e  d a t a  which have been p l o t t e d  i n  F i g .  VI-6 
r e p r e s e n t  t h e  smoothed curve  through t h e  o v e r a l l  d i r e c t i v i t y  i n -  
dex d a t a  p o i n t s  f o r  each c l u s t e r  c o n f i g u r a t i o n .  One curve  o n l y  
i s  used f o r  t h e  t h r e e  s ing le -eng ine  f i r i n g s  and one f o r  t h e  t h r e e  
f i v e - e n g i n e  c l u s t e r  f i r i n g s  because o f  s i m i l a r i t y .  The symbols 
a t  t h e  t o p  o f  F i g ,  VI-6 a r e  f o r  i d e n t i f i c a t i o n  o n l y  and a r e  n o t  
d a t a  p o i n t s .  The p l o t  shows t h a t  t h e  peak of  t h e  o v e r a l l  d i r e c -  
t i v i t y  i n d i c e s  s h i f t s  t o  ang le s  c l o s e r  t o  t h e  exhaus t  a x i s  a s  t h e  
number of  eng ines  i n  t h e  c l u s t e r  i n c r e a s e s .  A more meaningful  
c o n d i t i o n  i s  t h a t  t h e  peak i n  t h e  d i r e c t i v i t y  index  cu rve  s h i f t s  
toward sma l l  a n g l e s  a s  t h e  spectrum c o n t e n t  i s  dominated by lower 
f requency  components. A l a t e r  f i g u r e  w i l l  demonst ra te  t h a t  lower 
f requency  components peak a t  s m a l l e r  a n g l e s  t h a n  t h e  h i g h e r  f r e -  
q u e n c i e s ;  consequen t ly ,  t h e  s h i f t  i n  t h e  o v e r a l l  d i r e c t i v i t y  i n -  
dex cu rves  i s  no t  s u r p r i s i n g ,  

Comparing t h e s e  r e s u l t s  w i th  t h e  d a t a  of Cole  (Ref 1 0  and 13)  
and Morgan (Ref 6) , t h e  lower p l o t  i n  F i g .  V I - 6  i s  t h e  r e s u l t .  
I n  g e n e r a l ,  t h e  shape o f  t h e  cu rves  i s  s i m i l a r ,  b u t  t he  s i n g l e -  
eng ine  d a t a  from t h e  p r e s e n t  work i s  s h i f t e d  t o  h i g h e r  a n g l e s .  
Morgan's s i n g l e  engine  i s  about t h e  same s i z e  b u t  produces a much 
d i f f e r e n t  d i r e c t i v i t y  index  curve .  The d i r e c t i v i t y  index  a t  an- 
g l e s  c l o s e  t o  t h e  exhaus t  a x i s  seem t o  e x h i b i t  t h e  g r e a t e s t  s c a t -  
t e r .  
urement s c a t t e r ,  a c h a r a c t e r i s t i c  o f  t h e  sou rce  d i r e c t i v i t y  ( i . e . ,  
s e n s i t i v i t y  of t h e  source  d i r e c t i v i t y  index  a t  t h i s  a n g l e ) ,  o r  
some o t h e r  a s  y e t  unrecognized phenomena. Some of t h e  o t h e r  
d a t a  a v a i l a b l e  f o r  comparison were no t  used because  of anomal ies  
w i t h i n  t h e  whole body o f  t h e  d a t a .  

I t ' s  d i f f i c u l t  t o  s ay  whether t h i s  i s  t h e  r e s u l t  of meas- 

Lee and Semrau proposed i n  Ref 16  t h a t  t h e  d i r e c t i v i t y  p a t t e r n s  
f o r  a g i v e n  113-octave band were t h e  same f o r  d i f f e r e n t  j e t  en- 
g i n e  nozz le  c o n f i g u r a t i o n s  whose o v e r a l l  d i r e c t i v i t y  index  cu rves  
were q u i t e  d i f f e r e n t .  They demonstrated w i t h  a l i m i t e d  amount of  
d a t a  t h a t  t h i s  p roposa l  had some m e r i t .  T h i s  concep t ,  i f  proven 
t r u e ,  would be a u s e f u l  d i r e c t i v i t y  c o r r e l a t i o n  t echn ique  s i n c e  
t h e  o v e r a l l  d i r e c t i v i t y  would be  a f u n c t i o n  main ly  of t h e  d i s t r i -  
b u t i o n  of  energy  i n  t h e  power spec t rum.  I n  o t h e r  words,  i f  i n  
two d i f f e r e n t  spectrums t h e  l f 3 - o c t a v e  band d i r e c t i v i t y  i n d i c e s  
a r e  t h e  same a t  a g iven  frequency,  t h e n  t h e  one which h a s  t h e  
g r e a t e r  i n t e n s i t y  w i l l  i n f l u e n c e  t h e  o v e r a l l  d i r e c t i v i t y  index  
more than  t h e  o t h e r .  
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I n  F i g .  VI-7, t h e  d i r e c t i v i t y  i n d i c e s  from f o u r  113-octave 
bands a r e  p l o t t e d  u s i n g  t h e  11 f i r i n g s  o f  the  p r e s e n t  work. These 
f o u r  bands cover  a f requency  range which encompasses t h e  PWL spec-  
trum peak of  each  f i r i n g .  The agreement i s  q u i t e  good a t  many 
a n g l e s  and v e r y  c l o s e  f o r  a l l  a n g l e s  i n  t h e  3150-cps band. 

The d a t a  a t  20 deg i s  d i s t i n g u i s h e d  by  the wide sca t te r  p a r t i c u -  
l a r l y  a t  t h e  lower f r e q u e n c i e s .  T h i s  method does no t  o f f e r  a 
g r e a t  d e a l  of promise c o n s i d e r i n g  t h e  observed wide s c a t t e r .  

D .  APPARENT SOURCE LOCATION 

The concept  of a s p e c i f i c  a r e a  i n  t h e  exhaus t  s t r eam t h a t  
c o n t a i n s  t h e  major  sou rces  i n  a g i v e n  f requency  band h a s  been 
proven u s e f u l  by many i n v e s t i g a t o r s .  It i s  recognized  t h a t ,  i n  
r e a l i t y  most of t h e  exhaus t  s t ream c o n t r i b u t e s  t o  some e x t e n t  t o  
t h e  power l e v e l  o f  each f requency  band.  

The d i s t r i b u t i o n  of t h e  113-oc tave  band SPL a long  t h e  s t r eam 
boundary g iven  i n  Appendix A demonst ra tes  t h i s  f a c t .  What i s  u s -  
u a l l y  meant by "source l o c a t i o n "  i s  t h e  a x i a l  l o c a t i o n  of t h e  peak 
o f  t h i s  d i s t r i b u t i o n .  T h i s  p o i n t  should  no t  be i n t e r p r e t e d  as 
t h e  a c t u a l  l o c a t i o n  of t h e  major s o u r c e ,  s i n c e  a n  e f f e c t  of r e -  
f r a c t i o n  i n  t h e  s t r eam on t h e  d i r e c t i v i t y  h a s  been shown (Ref  1 7 ) .  

The appa ren t  sou rce  l o c a t i o n  h a s  been de termined  by t h e  t rav-  
erse  of a microphone a long  t h e  stream boundary d u r i n g  a f i r i n g .  
The method of  d a t a  r e d u c t i o n  i s  d i s c u s s e d  i n  Chapter  IV. T h i s  
moving microphone method shows t h e  v a r i a t i o n  of SPL w i t h  d i s t a n c e  
b u t  w i t h  t h e  v a r i a t i o n  a s  a f u n c t i o n  of  t ime superimposed,  From 
t h e  d a t a  i n  Appendix A ,  i t  can  be s e e n  t h a t  t h i s  is somewhat of 
a problem a t  t h e  lower f requency  because  i t  i s  d i f f i c u l t  t o  s e -  
l e c t  t h e  peak a c c u r a t e l y .  

The appa ren t  sou rce  l o c a t i o n s  a r e  p l o t t e d  i n  F i g .  V I - 8  a s  t h e  
S t rouha lnumber  a s  a f u n c t i o n  of t h e  a x i a l  d i s t a n c e  from t h e  noz- 
z l e  e x i t  p l a n e  i n  nozz le  d i ame te r s .  The e x i t  v e l o c i t y  and t h e  
e f f e c t i v e  d i ame te r  a r e  u s e d  a s  pa rame te r s .  The c o r r e l a t i o n  o f  t h e  
d a t a  from t h e  v a r i o u s  c l u s t e r  c o n f i g u r a t i o n s  i s  f a i r ,  b u t  t h i s  
group i s  d i s p l a c e d  from t h e  s ing le -eng ine  c u r v e s .  The r e a s o n  f o r  
t h i s  d i s p a r i t y  i s  no t  known u n l e s s  i t  i s  t h a t  t h e  e x i t  v e l o c i t y  
and e f f e c t i v e  d i ame te r  a r e  no t  good c o r r e l a t i o n  pa rame te r s .  The 
u s e  o f  t h e  e x i t  d i ame te r  of a s i n g l e  eng ine  was t r i e d  b u t  t h i s  
r e s u l t e d  i n  much l a r g e r  s c a t t e r .  
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Apparent sou rce  l o c a t i o n  d a t a  from t h r e e  o t h e r  s o u r c e s  a r e  
inc luded  f o r  comparison i n  F i g .  V I - 8  from t h e  i n d i c a t e d  s o u r c e s .  
The T i t a n  I I I C  d a t a  were obta , ined w i t h  a microphone a t  t h e  t o p  
of t h e  umbi l i ca l  tower .  The SPL i n  each 113-oc tave  band was 
p l o t t e d  a s  a f u n c t i o n  of  l i f t o f f  d i s t a n c e ,  e n a b l i n g  t h e  s o u r c e  
d i s t r i b u t i o n  t o  be c a l c u l a t e d ,  Although t h e  v e h i c l e  h a s  two 
s o l i d  rocke t  motors  (SRMs), t h e  nozz le  d i a m e t e r s  of  a s i n g l e  
SRM h a s  been used i n  p l o t t i n g  t h e  d a t a  s i n c e  t h e  exhaus t  s t r eams  
show l i t t l e  i n t e r a c t i o n .  The d a t a  from Morgan (Ref 6) were t a k e n  
us ing  a l i n e  of  s t a t i o n a r y  microphones a long  t h e  exhaus t  s t r eam 
boundary.  The e x i t  Mach number i s  g iven  f o r  r e f e r e n c e .  

The d a t a  acqu i r ed  by Mul l  (Ref 18) was o b t a i n e d  by a s i n g l e  
microphone t r a v e r s i n g  t h e  boundary of  t h e  exhaus t  of a super -  
s o n i c ,  co ld ,  a i r  j e t ,  

There i s  f a i r  agreement  between Morgan's r e s u l t s  and t h e  
p r e s e n t  c l u s t e r  d a t a  and between t h e  o t h e r  s o u r c e s  and t h e  s i n g l e -  
engine  measurements,  I n  g e n e r a l ,  t h e  c o r r e l a t i o n  i s  no t  a s a t i s -  
f a c t o r y  one; it has t o o  much sca t t e r .  A c o r r e l a t i o n  t e c h n i q u e  u s i n g  
t h e  subsonic  pa rame te r s  used f o r  t h e  power spec t rum a n a l y s i s  
might prove more u s e f u l  i f  s u f f i c i e n t  d a t a  on a l l  t h e  exhaus t  
s t r e a m  c o n d i t i o n s  could  be o b t a i n e d .  

The o v e r a l l  sou rce  l o c a t i o n s  a t  t h e  t o p  o f  F i g .  V I - 8  a r e  
s imply  the  appa ren t  l o c a t i o n  produced by a t r a v e r s e  wi th  no f i l -  
t e r i n g ,  T h i s  i n f o r m a t i o n  was n o t  a v a i l a b l e  f o r  a l l  t h e  r e f e r -  
ences  but ,  f o r  t h o s e  shown, i n d i c a t e s  t h a t  t h e  appa ren t  l o c a t i o n  
of  t h e  o v e r a l l  n o i s e  i s  about  10  e f f e c t i v e  d i a m e t e r s  from t h e  
nozz le  e x i t  p l a n e .  

E .  NEAR FIELD 

The d a t a  t a k e n  i n  t h e  nea r  f i e l d  have proven t h e  l e a s t  ame- 
nab le  t o  c o r r e l a t i o n ,  The n e a r - f i e l d  r a d i a t i o n  c h a r a c t e r i s t i c s ,  
v a r y i n g  source  t o  r e c e i v e r  d i s t a n c e s ,  and e f f e c t s  of  r e f l e c t i n g  
s u r f a c e s  a r e  a l l  t roublesome f a c t o r s ,  
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The n e a r - f i e l d  d a t a  i n  t h i s  s t u d y  were t a k e n  a t  t he  nozz le  
e x i t  p l a n e  and a t  two p l a c e s  u p s t r e a m  of t h i s  p o i n t .  The e x i t  
p l a n e  microphone was suspended i n  t h e  a i r  a d j a c e n t  t o  t h e  ex- 
h a u s t  s t r eam.  The two o t h e r  piclcups were p l aced  above a "simu- 
l a t e d  v e h i c l e  sk in"  s u r f a c e .  These two microphones were spaced 
t h r e e  e f f e c t i v e  nozz le  d i ame te r s  and s i x t e e n  e f f e c t i v e  nozz le  
d i a m e t e r s  from t h e  engine  e x i t  p l a n e .  T h i s  means, f o r  example, 
t h a t  t h e  p h y s i c a l  d i s t a n c e  from t h e  e x i t  was l a r g e r  f o r  t h e  e i g h t  
eng ine  c l u s t e r s  t h a n  f o r  t h e  f ive -eng ine  c l u s t e r s .  The sound 
p r e s s u r e  l e v e l  spectrums f o r  two d i f f e r e n t  c l u s t e r s  would be  ex- 
pec ted  t o  be  e q u a l  i f  t h e  fo l lowing  c o n d i t i o n s  a r e  met f o r  each 
f r equency  band : 

1) The r a t i o  of t h e  e f f e c t i v e  s o u r c e  t o  r e c e i v e r  d i s -  
t a n c e s  a r e  equa l  t o  t h e  r a t i o  of t h e  e f f e c t i v e  noz- 
z l e  d i a m e t e r s ,  or f o r  t h e  twelve-  and e i g h t - e n g i n e  

r12 / r8 = De /De8;  c l u s t e r s ,  
1 2  

2) The n e a r - f i e l d  d i r e c t i v i t y  f u n c t i o n s  a r e  t h e  same f o r  

3 )  The r a t i o  of t h e  a c o u s t i c  power i s  e q u a l  t o  t h e  r a t i o  

bo th  c l u s t e r s ;  

of t h e  e f f e c t i v e  d i ame te r s  squared .  

F o r  c o n d i t i o n  1) t o  be m e t ,  the  major  s o u r c e s  would have t o  be 
l o c a t e d  a t  t h e  n o z z l e  e x i t  p l ane .  This  h a s  been p r e v i o u s l y  demon- 
s t r a t e d  t o  be  i n c o r r e c t .  Condi t ion  2) i s  d i f f i c u l t  t o  a s s e s s  
a c c u r a t e l y .  I f  t h e  d i r e c t i o n a l  e f f e c t s  observed  i n  t h e  f a r  f i e l d  
a r e  i n d i c a t i v e  of t h e  n e a r - f i e l d  c a s e ,  t h e n  F i g .  VI-6 and VI-7 
b o t h  show, t h a t  f o r  a n g l e s  c l o s e  t o  t h e  upstream a x i s ,  t h e r e  i s  
a marked change i n  d i r e c t i v i t y  w i t h  c l u s t e r i n g  c o n f i g u r a t i o n .  
F i n a l l y ,  c o n d i t i o n  3 )  i s  m e t  when c o n s i d e r i n g  t h e  o v e r a l l  power 
l e v e l  b u t  no t  i n  t h e  v a r i o u s  f requency  bands .  

I. 

F i g u r e  VI-9 i s  a p l o t  o f  the SPL spec t rums a t  t h e  x / D e  = 1 6  

p o s i t i o n  f o r  f o u r  program f i r i n g s .  It i s  obvious  t h a t  t h e  s c a t t e r  
i s  wide and i n  t h e  l i g h t  of the f o r e g o i n g  d i s c u s s i o n  i s  t o  be  ex- 
p e c t e d .  
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It i s  of i n t e r e s t  t o  no te  t h a t ,  i f  a p a i r  of n e a r - f i e l d  meas- 
urements  o f  one f i r i n g  a r e  used t o  o b t a i n  t h e  a p p a r e n t  sou rce  l o -  
c a t i o n s  by t h e  ampl i tude  c o r r e l a t i o n  method, t h e  r e s u l t s  g i v e  a 
s o u r c e  d i s t r i b u t i o n  much c l o s e r  t o  t h e  engine  e x i t  t han  does t h e  
t r a v e r s i n g  microphone. One p o s s i b l e  e x p l a n a t i o n  of  t h i s  f i n d i n g  
h a s  t o  do w i t h  t h e  d i s t r i b u t i o n  of a c o u s t i c  energy  i n  t h e  exhaus t  
s t r e a m  i n  a g i v e n  f requency  band. Sources  of a c o u s t i c  energy i n  
a g iven  f r equency  band a r e  d i s t r i b u t e d  a long  t h e  exhaus t  s t r eam,  
The re fo re ,  s o u r c e s  c l o s e  t o  the e x i t  p l a n e  ( a l t h o u g h  less  i n t e n s e  
t h a n  t h e  major  sou rce )  can  make t h e  major c o n t r i b u t i o n  t o  t h e  near  
f i e l d  because o f  t h e  smal l  sou rce - to - r ece ive r  d i s t a n c e s .  T h i s  can 
be  demonstrated i f  t h e  power l e v e l  d i s t r i b u t i o n  i s  t aken  t o  be t h e  
same a s  t h e  SPL d i s t r i b u t i o n  g iven  i n  Appendix A .  

There i s  a n  e f f e c t  o f  t h e  c l u s t e r  c o n f i g u r a t i o n  a s  demon- 
s t r a t e d  i n  F i g .  VI-10. The SPL s p e c t r a  a t  t h e  e x i t  p l a n e  a r e  
p l o t t e d  f o r  t h e  t h r e e  twelve-engine c l u s t e r s .  The ex t remely  h igh  
peak i n  t h e  5-kc band i s  p r e s e n t  i n  a l l  t h e  n e a r - f i e l d  s p e c t r a .  
T h i s  was demonst ra ted  i n  Ref 1 t o  be a pu re  tone  component w i t h  
s t r o n g  r a d i a t i o n  a long  t h e  s t ream a x i s .  

F i n a l l y ,  F i g .  V I - 1 1  demonst ra tes ,  t h a t  f o r  c l u s t e r  conf ig -  
u r a t i o n s ,  t h e  n e a r - f i e l d  l e v e l s  may n o t  i n c r e a s e  a s  t h e  number 
o f  e n g i n e s  i n  t h e  c l u s t e r  i n c r e a s e s .  These measurements t aken  
a t  t h e  nozz le  e x i t  p l a n e  show t h e  spectrum from t h e  twelve-engine  
f i r i n g  ( F i r i n g  No. 10)  t o  be lower i n  some f r equency  bands than  
t h e  f i v e -  and e igh t - eng ine  c l u s t e r  spec t rums,  T h i s  phenomenon 
i s  a p p a r e n t l y  a s s o c i a t e d  w i t h  t h e  d i r e c t i v i t y  and s o u r c e  l o c a t i o n  
a s  p r e v i o u s l y  d i s c u s s e d .  
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V I 1  CONCLUSIONS 

The f o l l o w i n g  c o n c l u s i o n s  r e s u l t  from the study of the d a t a  
from both Phase I and F'hase I1 and f r o m  comparison with the re- 
s u l t s  of t h e  r e f e r e n c e d  s o u r c e s .  

The r e s u l t s  of t h e  p r e s e n t  s t u d y  i n d i c a t e  t h a t  t h e  a c o u s t i c  
e f f i c i e n c y  i s  about  1/4% f o r  most of t h e  c l u s t e r s  and t h e  s i n g l e  
e n g i n e .  There i s  a n  e f f e c t  a t t r i b u t e d  to c l u s t e r i n g  which re- 
duces  the t o t a l  a c o u s t i c  power produced b y  some o f  t h e  c l u s t e r s  
from t h a t  which would b e  expec ted  based on  t h e  s i n g l e - e n g i n e  
e f f i c i e n c y  . 

Comparison w i t h  o t h e r  d a t a  shows a wide  v a r i a t i o n  i n  t h e  
measured e f f i c i e n c y  f o r  s o u r c e s  w i t h  s i m i l a r  mechanica l  powers. 

The power s p e c t r a  from t h e  p r e s e n t  work c a n  be c o r r e l a t e d  
by us ing  t h e  e x i t  v e l o c i t y  and an  e f f e c t i v e  d i a m e t e r .  
r e l a t i o n  t e c h n i q u e  d o e s  n o t  work w e l l  when t h e  d a t a  from o t h e r  
i n v e s t i g a t o r s  are used. A v e l o c i t y  and d i a m e t e r  based on t h e  
subsonic  p o r t i o n  of t h e  stream was used to  c o r r e l a t e  t h e  p r e s e n t  
r e s u l t s ,  and agreement w i t h  the g e n e r a l i z e d  power spec t rum f o r  
subsonic  jets was found. 

T h i s  c o r -  

The o v e r a l l  d i r e c t i v i t y  is  a f u n c t i o n  of t h e  number of noz- 
z l e s  i n  t h e  c l u s t e r  (or  t h e  peak f r e q u e n c y  o f  t h e  power spectrum),  
w i t h  the  peak i n  t h e  d i r e c t i v i t y  i n d e x  c u r v e  s h i f t i n g  from 70 
deg f o r  t h e  s i n g l e  e n g i n e  t o  50 deg f o r  t h e  twelve-engine c l u s t e r .  

The d i r e c t i v i t y  i n d e x  c u r v e s  compared w i t h  o t h e r  d a t a  show a 
f a i r  agreement when t h e  s i z e s  of t h e  c l u s t e r s  or  s i n g l e  n o z z l e s  
a r e  s i m i l a r .  

A p l o t  of t h e  1 /3-oc tave  band d i r e c t i v i t y  c u r v e s  shows a 
s u r p r i s i n g  s i m i l a r i t y  f o r  t h e  d i f f e r e n t  c l u s t e r s  a t  some f r e -  
q u e n c i e s  b u t  poor s i m i l a r i t y  a t  o t h e r s .  The g r e a t e s t  d a t a  s c a t -  
t e r  o c c u r s  a t  a n g l e s  c l o s e  t o  t h e  e x h a u s t  a x i s .  

The a p p a r e n t  s o u r c e  l o c a t i o n s  are n o t  w e l l  c o r r e l a t e d  u s i n g  
t h e  e f f e c t i v e  d i a m e t e r  of t h e  c l u s t e r .  There  i s  good agreement 
between t h e  s i n g l e - e n g i n e  s o u r c e  l o c a t i o n s  and such d i f f e r e n t  
s o u r c e s  a s  t h e  T i t a n  I I I C  d a t a .  
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The n e a r - f i e l d  measurements were des igned  t o  de t e rmine  t h e  
adequacy of t h e  e f f e c t i v e  d i ame te r  a s  a c o r r e l a t i n g  dimension f o r  
t h e  c l u s t e r  c o n f i g u r a t i o n s .  The c o r r e l a t i o n  i s  ve ry  poor ,  i n d i -  
c a t i n g  t h a t  o t h e r  pa rame te r s  must be  c o n s i d e r e d .  

The e f f e c t  of  t h e  ground p lane  a b s o r p t i o n  i s  e v i d e n t  i n  t h e  
d a t a  and,  a s  demonst ra ted  i n  the Phase I r e p o r t  (Ref l), h a s  
proven  a sou rce  of d i f f i c u l t y  i n  o t h e r  measurement programs. 

69 
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VIII. RECOMMENDATIONS 

I n  c o r r e l a t i n g  t h e  a v a i l a b l e  a c o u s t i c  d a t a  produced by h igh-  
speed flows, i t  becomes a p p a r e n t  t h a t  t h e  large number of v a r i a b l e s  
is a h ind rance  t o  t h i s  approach. In rockets, the composi t ion  of 
t h e  exhaus t  gases  , t h e  d e g r e e  of expans ion  ( e x i t  s t a t i c  pressure},  
and t h e  amount of a f t e r b u r n i n g  i n  t h e  exhaus t  are t y p i c a l  of t h e  
v a r i a b l e s  whose e f f e c t s  a r e  d i f f i c u l t  t o  d e f i n e  and may s i g n i f i -  
c a n t l y  i n f l u e n c e  t h e  r a d i a t e d  a c o u s t i c  f i e l d .  For t h e  s u p e r s o n i c  
r o c k e t  exhaust  stream, v e r y  l i t t l e  c o r r e l a t i o n  e x i s t s  between t h e  
aerodynamic c h a r a c t e r i s t i c s  of t h e  f low and t h e  r e l a t e d  a c o u s t i c  
s o u r c e s .  Many of t h e  c o r r e l a t i o n  parameters  t h a t  have  been pro-  
posed use v a r i a b l e s  t h a t  t h e i r  p roponents  c o n f e s s  a r e  d i f f i c u l t  
t o  r e l a t e  t o  t h e  a c o u s t i c  sou rce  mechanism. The approach used i n  
t h i s  work of u s i n g  parameters  i n  t h e  subson ic  r e g i o n  of t h e  ex- 
h a u s t  may have some m e r i t  i f  t h e  approach i s  proven t o  b e  g e n e r a l -  
l y  a p p l i c a b l e  and i f  t h i s  subson ic  v e l o c i t y  and d i a m e t e r  c a n  be 
r e l a t e d  t o  o t h e r  known exhaus t  s t r eam v a r i a b l e s .  For  t h e s e  r e a -  
sons  two s p e c i f i c  recommendations i n  t h i s  a r e a  are enumerated: 

1) To measure t h e  a c o u s t i c  f i e l d  produced by rockets 
where t h e  development of t h e  exhaus t  stream is Bnmn 
w i t h  a degree  of accuracy .  This will probably re- 
q u i r e  aerodynamic measurements i n  the exhaast plume 
and wuuld permit  an accurate d e t e r m i n a t i o n  of the 
s i g n i f i c a n t  c o r r e l a t i o n  pa rame te r s ;  

2) F u r t h e r  s t u d y  of e x i s t i n g  a c o u s t i c  d a t a  shou ld  be 
made t o  de te rmine  t h e  merit of u s i n g  t h e  subsonic 
parameters i n  c o r r e l a t i n g  t h e  power spectrums, ap- 
p a r e n t  sou rce  l o c a t i o n ,  and n e a r - f i e l d  n o i s e .  Some 
r e s e a r c h  t o  de t e rmine  n e c e s s a r y  eng ine  c h a r a c t e r i s -  
t i c s  w i l l  be  r e q u i r e d  f o r  most of t h e  e x i s t i n g  d a t a .  

The phenomenon of t h e  ground a b s o r p t i o n  d i s c u s s e d  a t  some l e n g t h  
i n  t h e  Phase I r e p o r t  (Ref 1) h a s  proven a s o u r c e  of d i f f i c u l t y  i n  
i n t e r p r e t i n g  and us ing  t h e  d a t a  from many tests,  i n c l u d i n g  t h e  p r e s -  
e n t  work, demons t r a t ing  t h e  need f o r  a b e t t e r  unde r s t and ing  of t h i s  
e f f e c t .  The p a r t i c u l a r  r e l a t i o n s h i p  between t h e  s o u r c e  and r e c e i v e r  
h e i g h t s  and t h e  ground p lane  impedance shou ld  be i n v e s t i g a t e d  u s i n g  
bo th  t h e o r e t i c a l  and expe r imen ta l  t e c h n i q u e s .  
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Table A-2 

A-2 

1/3-0ctave-Eand Sound Level i n  Decibels ( i n  db re. watts) 

10 

164 
165 
166.5 
167 
168 
169 
172 
171 
170 
172.5 
172.5 
167 
165.5 
165.5 
166.5 
167.5 
167.5 
164 
164.5 
162.5 
162 
160.5 
160.5 
159 

181.5 

50 
63 
80 
100 

125 
160 
200 

250 
315 
400 
500 
630 
800 

loo0 
1250 
1600 
2000 

2500 
3150 
4000 

5000 
6300 
8Ooo 
loo00 

OA 

- 

11 

161.5 
163 
165 
165,  
166.5 
167 
166 
165 
165.5 
167 
167 
160.5 
160.5 
160.5 
162 
164 
164 
163 
161.5 
162 
162 
160 
160.5 
159.5 

178 

1 

142.5 
4 4  
U8* 5 
4 9  
150 
152.5 
151.5 
u9 .5  
146 
46.5 
153 
156.6 
159.5 
159.5 
156 
156 5 
159.5 
156.5 
159.5 
157 5 
158 

156.6 
156.5 

157 5 

169.5 

- 
2 

141 
143 
k6.5 
48- 5 
L50.5 
L52.5 
L52.5 
L52.5 
149 
147 
151 
155 5 
158 
160 

159.5 
156 5 
158 
160.5 
158.5 
158.5 
158.5 
158 
157 
156.5 

170 

- 

3 

u2 
145 
U8.5 
150.5 
152* 5 
154.5 
153 
152.5 
149.5 
150- 5 
154.5 
158 
160 
160 
157.5 
158 
161 
158.5 
161 
159.5 
160.5 
160 
160 
160 - 
171.5 

- 

Program Firing Number - 
4 

L57.5 
159 
L60.5 
162 

- 

~62.5 
L63 5 
16 5 
163 
161.5 
157 
160.5 
163 
165.5 
165 
162 
161 
164 
162 
162.5 

162.5 

162 

161.5 

162 

162 

176 

- 

5 

158 
160 
162.5 

162.5 

164 
161.5 
161 
159 
161 
163 
16 5 
165 
163 5 
161.5 
163 5 

163 

164.5 

163 
162 
161 

- 
6 

L57 
L59.5 
161.5 
~61.5 
L62 
164 
164 
162.5 

- 

161.5 
L60 
160.5 
163 
16 5 
164 5 
163 5 
162.5 
162.5 
163 
162.5 
162 
161.5 
160.5 

159.5 
176 

160 

- 

7 

L59.5 
t62.5 
~ 6 3  5 
L64 
L62.5 
L63.5 
~ 6 4  5 
L62.5 
~61.5 
158.5 
L62.5 
L64 
L65.5 
166 
L65 
162.5 
L64.5 
163 
163 

162.5 
161.5 
161 

162.5 

159.5 
177 

- 

8 

L5 9 
L61.5 
163 5 
163 

16 5 
167 
163 
164 
163 
161 
16 0 

164.5 

162 
164 5 
165 

162 
164 
164 

163 . 5 

163 . 5 
163 5 
162.5 
161.5 
160.2 

177 

- 

9 

163 5 
164.5 
167 5 
167.5 
167.5 
169 
172 
170- 5 
170 
172 

166 
16 5 

170.5 

165 5 
165.5 
166.5 
166 
162.5 
164 
161 
161 
160 
160.5 

I .  
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Table  A-3 1/3-0ctave-Band Sound Pressure  L e v e l s  in  D e c i b e l s  
(db re:  0.0002 pbar) 

- 

Program Firing No. 1 
Sample Time 3.5 Seconds 

Sing le  Engine 

Center * 
Freq . 20" 30" 40" 50" 60" 70" 90" 125" 160" De 3 De 16 De 

CPS 120' 120' 120' 120' 120' 120' 120' 120' 120' 

50 
63 
80 

100 

125 
160 
200 

250 
315 
400 

500 
630 

800 
1000 

1250 

1600 
2000 

2500 

3150 
4000 

5000 

6300 
8000 

10000 

OA 

99 98 96.5 94.5 g i  go 86 86.5 84.5 124 114 106.5 
io0 99.5 98 98.5 94 92.5 88 88 85 123 113 104.5 

io5 104.5 103 101.5 98.5 96 90.5 89.5 87.5 122 113 105.5 
io4 io5 103.5 io3 100.5 98 92 91.5 87.5 121.5 112.5 107.5 
101 104.5 103 105 103.5 102 95 92 89.5 121 112.5 110.5 
94 102.5 103.5 110.5 107 103.5 96.5 94 90 121 113.5 111 

90 98 104 107 107 103.5 97 94.5 89 121 115 112 

90.5 96 io1 loo 105.5 104.5 96 93 88.5 121 115.5 114 
85 91 g6 99.5 io1  100 93.5 90.5 86.5 122 117 114.5 
92 95.5 99.5 101 98.5 loo 96 90.5 86 125 120.5 114 
93 98 io3 106 106.5 108.5 102 91 87 127.5 123 117 
98.5 102 105 l o g  110.5 113.5 io5 93.5 89 125.5 121.5 116 
97 102.5 107 110.5 113.5 116 107.5 97.5 90.5 126.5 122.5 116.5 
98.5 101.5 105.5 110.5 113 115.5 107 99.5 91.5 128 123 116.5 
96 98.5 103 112 108 110.5 105 99 92.5 131 125.5 118.5 
95.5 98 101 106.5 108.5 111 108 97 93 132 128 120.5 

96 100 103.5 108 111.5 114.5 111.5 103.5 94.5 134.5 132 122.5 

95.5 98.5 101.5 104.5 107.5 110.5 109 103 93.5 136 132.5 123 
100 101 102.5 106.5 110.5 113 112 105 97.5 137.5 134 125.5 
100 100.5 102 105.5 107 111.5 109 104.5 98 139.5 135 127.5 
102 103 104.5 106.5 108.5 111 log 106.5 102 143.5 140 133 

io3 103.5 io3 io5 107 110 107.5 103.5 99.5 143 138.5 131 
lo3 103.5 104 107 108 111 lo9 106 101 142.5 139 132 

lo3 103.5 lo3 105 106.5 110 107.5 104.5 100 143 139.5 130.5 
113.5 115 117 120.5 122 124 120 114.5 109 150 9 6 . 5  139 

YZxtrapolated Data, See Text 
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Table A-4 113-Octave-Band Sound Pressure Levels in Decibels 
(db re: 0.0002 pbar) 

Program F i r i n g  No. 2 
Sample Time 4.0 Seconds 

Center  
Freq. 

C P S  

50 
63 
80 

100 

125 
160 
200 

250 
315 
400 
500 
630 
a00 

1000 
1250 
1600 
2000 

2500 

3150 
4000 

5000 

6300 
8000 

10000 
OA 
- 

Sing le  Engine 

e 20" 30" 40" 50" 60" 70" 90" 125" 1600 D 3 De 16 D 
120' 120' 120' 120' 120' 120' 120' 120' 120' e 

95.5 96.5 96 94 90.5 87 85 85 85 117 107 98.5 
97 99 98.5 g6 92.5 90 88 87 .  86 116.5 107 98.5 
99.5 102 102.5 99.5 97.5 94.5 90 89.5 88 116 109 102.5 

101.5 104 104.5 101.5 100.5 97.5 93 91 88.5 116 111 106.5 
102 104.5 104.5 105.5 103.5 101.5 95 92 90.5 117.5 113 110.5 

101.5 lo3 104 108 108 104 95.5 93.5 91 118 114 110.5 
99.5 98.5 104 108 108 104 98 95 91 119.5 117 111 

88.5 91.5 96.5 98.5 105 104 97.5 93 90 121.5 119.5 115 
a8 93 96 99.5 100 102 95 92 88.5 124 121.5 114 

95 99.5 104.5 107 108 111.5 104 91.5 90 128 124.5 118 

95 95.5 101 102.5 109 106.5 98.5 94 90.5 121 118 115 

91.5 97 101 105.5 103 106.5 98.5 90.5 89 126.5 122.5 117.5 

95.5 100.5 105.5 109.5 111.5 114 107.5 94 90 129.5 125.5 118 
93 99.5 104.5 109.5 112 116 109.5 97.5 90.5 131.5 126.5 119.5 

92 96.5 loo 104.5 106 111 109.5 99.5 93.5 137 135.5 122.5 

94.5 97 102.5 106.5 110 111 111.5 98.5 93.5 138.5 135 123.5 
94 97.5 102 106 108.5 112.5 115 103 92.5 140 135 123.5 

92.5 98 102 114 110 114 110.5 99 92.5 133 131.5 121.5 

95.5 98.5 102.5 105.5 108.5 110.5 112.5 103.5 97.5 140 136 121.5 

93.5 97 101.5 104.5 107 110.5 112.5 io5 96.5 142 136.5 123.5 
95.5 97.5 102.5 104.5 107.5 111 111.5 106 98.5 144.5 142.5 124 

94.5 97 101.5 104 106 108 110.5 104.5 98 144.5 137.5 121.5 

95 97 101.5 103.5 105.5 io8 110 105 99 144.5 136.5 121 

110.5 113 116 120 121 123.5 122.5 114 108 152 147 133.5 

95 98 102 105 107 109 112 105.5 99.5 144 137 122.5 
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Table A-5 1/3-0ctave-Band Sound Pressure Levels in Decibels 
(db re: 0.0002 pbar) 

Program Firing No. 3 
Sample Time 4.0 Seconds 

Single Engine 

Center 

=P= 
e Freq. 20° 30° 40° 50" 600 70" 90" 1 2 5 O  160" De 3 De 16 D 

120' 120' 120' 120' 120' 120' 120' 120' 120' 

50 
63 
80 

100 

125 
160 
200 

250 

315 
400 

SO0 

630 
800 

1000 

1250 

1600 
2000 

2500 

3150 
4000 
5000 
6300 
8000 

loo00 
OA 
- 

97 98 96 95 93.5 89 86.5 86 85.5 119.5 107.5 96 
99.5 101 100 9a 95.5 92 89.5 87.5 86.5 119 108.5 98 

io3 io5 103.5 101.5 99.5 96.5 91 91 88.5 118.5 log 102.5 

104.5 107 105 103 102.5 100 94.5 90.5 89 117 111.5 106.5 

104 109.5 105 109 109.5 104.5 97.5 94 90.5 119 113 109 
105.5 107 103.5 107.5 106.5 103.5 97 92.5 90 117.5 112.5 109 

102.5 103.5 106.5 108.5 108 io4 98.5 94 g i  121 116.5 110 
99.5 99 104.5 101.5 110 105 97 93 91.5 121 117 114 
93 92.5 98.5 100 108.5 100.5 95 92 90.5 122.5 119.5 114.5 
93 96.5 99.5 103.5 108 103 96.5 95 89.5 127.5 124.5 115.5 

98 104 104 108 111 115 104.5 95 a8 126.5 123 117 
gg io4 io6 109.5 114 117 107.5 98 92.5 128.5 124.5 117 

96.5 99 io4 114 108.5 log log 101 96 131.5 130 120 

94 103 103.5 111.5 1 6  110 43.5 95 88 i27 i26 117.5 

96.5 103.5 105.5 111.5 114 115.5 109.5 100 94.5 lx 125.5 118.5 

97.5 99.5 101.5 105.5 110 113.5 109 100 97 134.5 133 121 

99.5 102 105 108 112 114.5 115 102 96 137.5 134 122.5 

98.5 100 103 105.4 107.5 111.5 112 104.5 97 138 134 121 

100 101.5 104.5 107.5 110.5 112.5 115 105.5 99 139 138 122 

102.5 103 io4 106.5 109 111 114 log  102.5 151.5 143.5 128 
99.5 101.5 lo3 105.5 111 111 113 107 100.5 142.5 140 125 

99.5 101.5 104 106.5 109.5 111 113 108 101 145.5 140 124 
98.5 io1 102.5 105.5 log 111 113.5 107 101 142.5 138 i22.5 

99.5 101 111 113.5 107.5 101 io3 105.5 log 143 138 122.5 - 
114 117 117.5 121.5 123 125 123.5 116.5 110.5 154.5 148.5 134 



A- 6 

Martin-CR-66 -75 

Table A - 6  1/3-0ctave-Band Sound Pressure Levels in Decibels 
(db re: 0,0002 pbar) 

Program Firing No. 4 
Sample Ti,me 3.1 Seconds 

Center 
F'req. 

CPS 

50 
63 
80 
100 

125 
160 

200 

250 

315 
400 

500 

630 
' 800 
lo00 
1250 

1600 

2000 

2500 

3150 
4000 

5000 
6300 
8000 
10000 

OA 
- 

* * 
20° 30° 40" 50" 600 70" 90" 125O 160" 
120' 120' 120' 120' 120' 120' 120' 120' 120' 

log 112 113.5 113.5 log 103.5 99.5 98 ' 100.5 

iog.5 lib 116.5 117 113 108.5 103 101 101 
108 112.5 115.5 116 111.5 105.5 102 100 102 

111 114.5 117 118 115.5 112 105.5 102 101 
110.5 113.5 115.5 117 117 115.5 106.5 102 101.5 

98 105.5 111.5 116.5 121 118 107 103 102 

98 io6 112.5 118 122 iig 108.5 io4 102 
103 107.5 111.5 113.5 117 120 107.5 102.5 101.5 

101 103 106.5 110.5 115.5 118 107 102 101 

101 105.5 109 111 110.5 110 105 100.5 99.5 
98.5 106 111 114 112.5 117 106.5 loo 98 
100 104.5 108.5 112 116 119.5 112 100 97 
loo 105 iog.5 114 118.5 122 114.5 103 gg 
99.5 104.5 log 114 118.5 121 115 105 100.5 
99.5 104.5 109 112.5 114.5 117 114 106.5 102 

99 102.5 105.5 108.5 112 115.5 112.5 105.5 102.5 

100.5 103.5 io6 108.5 111 115.5 115 108.5 103.5 

101 104 107.5 110.5 115 117.5 117.5 105 102 

102 104 106.5 109 111.5 116 115 108.5 106 
101.5 103.5 105.5 108 110.5 114 113.5 110.5 109.5 
105.5 107.5 109 110 111 114.5 114.5 111.5 110 
102 105 107.5 109.5 111 115 114.5 110 108.5 
101 104 106.5 log 111 115.5 114 109.5 108.5 
102 104.5 106.5 log 111.5 115 114.5 109.5 108 

119 122.5 125 127.5 129.5 130.5 126 120 118.5 

e 
D 

129 

127.5 
128.5 

128.5 
127.5 

129 
130.5 
132 

132 

133 5 
133.5 

133 5 
134 

135 
136 05 
138.5 

145 
144 

149 
156 5 
150 
147.5 

142.5 

149 
159 .5 

Five Engines 

120.5 

120 05 
121 

121 05 
122 

123 
126 

127 

129 
130 5 
131 

130 

129.5 
131 
135 

136 05 
137 

139 
141 

146 

152 
144 . 5 
143 
143 . 5 
155 

108.5 

108.5 

116 

118.5 

118.5 

121 
122 05 

111 05 

124.5 

124.5. 123*v 
124 

124 

125 *5 
126 

127 

129.5 

129 
128.5 

133 
137 
130 05 
129.5 
128.5 
142 

*Interpolated Data, see text .  

0 
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Table A-07 1/3-0ctave-Band Sound Pressure Levels in Decibels 
(db re: 0.0002 pbar) 

Program Firing No. 5 
Sample Time 4Al Seconds 

Five Enginas 

Center 
16 D e Fkeq. 20" 30" 4.0" 50" 60" 70" 90" 125" 1600 D 3 De e 

CPS 120' 1x)' 120' 120' 120* 120' 120' 120' 120' 

50 106 113 115.5 113 lOg 107 100 99.5 102 128 115.5 109 
63 105.5 113.5 118 115.5 111.5 107 102 101 102 l27.5 115.5 109 
80 109.5 115.5 120.5 118.5 114.5 iog.5 102 102 102 128 116 109.5 

100 109.5 116 121 118 115 111.5 104.5 102.5 io1 128 118.5 110.5 
125 107.5 116.5 118.5 116 116 115.5 105 103 101 128.5 120 116.5 

160 

200 

250 

315 
400 
500 
630 

* 
800 
1000 

1250 

1600 

2000 

2500 
3150 
4000 

5000 

6300 
8000 
10000 

OA 
- 

104.5 114.5 114 117 12.5 119.5 105.5 104 102 129.5 121 118.5 

102.5 112.5 114 118 121 117.5 106 105 102 131 124.5 119 
100 107 111 113.5 116 117.5 105 104 105.5 132 126 124-5 
100 104 110 110.5 116 117 105 103 101.5 134 129 125.5 

101.5 103.5 111 111 112 115 104.5 102 100.5 135.5 132 126.5 

99 104.5 114.5 115 112 116.5 106 100.5 98 133.5 130 120 

99.5 105.5 113.5 114 115.5 119.5 111 102 97 134.5 129.5 121 

99 105.5 109.5 113.5 117 121.5 114 105.5 100 135.5 130 122.5 

99 104.5 110 114 117.5 121 115 107.5 102 137 131.5 122 

99 102.5 109.5 116.5 114 118 115 107.5 103 138 134 123.5 

98.5 102 107 110 112 116 114 106.5 103 140.5 136.5 124 

101 lo3 106.5 110 113.5 117 117 lo9 103.5 144.5 137.5 125.5 

101 lo3 106 109.5 111.5 116 116 110 104 147 139 126 

102 
101.5 103 106 108 110.5 113 113 109.5 107.5 151 142 128 

103.5 104.5 106.5 108 110 113 112.5 110.5 108 155.5 148 130.5 

103.5 106 108.5 111.5 115.5 114.5 109.5 106.5 145.5 137.5 125.5 

99.5 102.5 105.5 107 108.5 112 111.5 108.5 io6 150 142.5 126.5 

98.5 101 104 105.5 107.5 110 110 107 105 148 139 126 
98 100.5 104.5 io4 107 log.5 log 106.5 104.5 148 140 126-5 

117 124.5 128 128 129 13.5 125.5 120 117 159.5 152 138 
- 
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Table A - 8  1/3-0ctave-Band Sound Pressure Levels in Decibels 
(db re: 0.0002 pbar) 

Program Firing No. 6 
Sample Time 4.0 Seconds 

Center 
Freq. 
CPS 

50 
63 
80 
100 

125 
160 
200 

250 
315 
400 

500 

630 
800 

1000 

1250 
1600 

2000 

2500 
3150 
4000 
5000 
6300 
8000 

10000 

OA 
- 

Five Ehgines 

e 20° 30" 40" 50" 600 70' 90" 1 2 5 O  1600 D 3 De 16 D 
120' 120' 120' 120' 120' 120' 120' 120' 120' 

io6 112.5 114 112 108 105.5 99.5 96.5 102 128 115 108 

108.5 113.5 118.5 118 114.5 109.5 102 99 103.5 128.5 117 109 

e 

105.5 113.5 116.5 116 111.5 108 100.5 99 104 127 116 109 

108 113.5 l l 9  117.5 114.5 110.5 104 100.5 102.5 128.5 119.5 110.5 
107.5 115.5 118 117 115 115 106 101 102.5 129.5 120 115.5 
104 117.5 115 114.5 119 119 106.5 101.5 107.5 130.5 120.5 116 
108 116 113 115.5 120 119.5 107 102.5 105.5 131.5 124 119 
103.5 110.5 112.5 114.5 116 l l 9  108 101.5 102.5 132 125 124.5 * 102 110 111 112 115.5 117.5 107.5 100.5 102.5 134 128.5 125.5 
100.5 109 112 113 113 115.5 107.5 99 101.5 134 131 '126.5 
96.5 108.5 115.5 110.5 111.5 115.5 110.5 99 98 134 129 120.5 

95 108 114.5 108.5 112 118 115.5 100 97.5 135 129 120 

94 106.5 111 111.5 114.5 119.5 118 103.5 100.5 136 129.5 122 

95 106 109 112.5 116 119.5 116 105.5 102.5 137.5 131.5 122 

94.5 106 109 113 114.5 118 116 106 102.5 138.5 133.5 123 

95 lo5 109.5 111.5 112.5 115.5 115.5 105.5 102.5 140.5 135.5 124 
97.5 104 107 110 112.5 116 116 106.5 104 144.5 137.5 125 
99.5 103.5 106.5 109 111.5 116 116 108.5 105.5 147 138.5 125.5 

101.5 106 107 109 110.5 114 114.5 110 109 151.5 142 128.5 

101 106 107 108.5 110 113 113 109.5 108.5 151 143 127 
loo 105 106.5 107.5 io9 112.5 112 108.5 108 148.5 139.5 126.5 

118 124.5 127 127 128 130 127 119.5 119 160 152 138 

99.5 104.5 107 109.5 111.5 115 115.5 108 107.5 146.5 139 126 

103 107.5 107.5 109 111 114 113.5 110.5 110 156.5 149 130.5 

99.5 105.5 106 107 108.5 111 111.5 108 107.5 149.5 141 127 
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T a b l e  A-9 1 /3-0c tave  Band Sound P r e s s u r e  Leve l s  i n  Dec ibe l s  
(db r e :  0 .OO02 pbar) 

Program F i r i n g  No. 7 Eight Engines - S a t u r n  I B  Config.  
Sample T i m e  3.5 Seconds 

C e n t e r  
Freq. 
CPS 

50 
63 
80 

100 

125 
160 
200 

250 

315 
400 
500 

630 
800 

1000 

1250 

1600 
2000 

2500 

3150 
4000 
5000 
6300 
8000 
10000 

OA 

e 20" 30" 40" 50" 600 70" 90" 1 2 5 O  1600 De 3 De 16 D 
120' 120' 120' 120' 120' 120' 120' 120' 120' 

109 115 116 115.5 112 106.5 102 102.5 104.5 126 111 109.5 
110.5 115.5 118.5 119 117.5 107.5 io4 io4 io5 126.5 112.5 110.5 
111 115 119 121.5 118.5 110 104.5 103 io6 128 114 111 

106.5 115 116.5 117 116.5 116 107.5 105.5 103.5 127.5 i i g  113.5 
109.5 116 120 121 119.5 111 107 104.5 104.5 128 117.5 109.5 

102 117.5 116 114.5 116 119.5 107.5 106 103 128 120 119.5 
99.5 110 114 115.5 119.5 120.5 109.5 106.5 103 130 125 119.5 
98.5 103.5 108 110.5 116.5 119.5 108.5 105 103 132 125 123.5 
99.5 104 107 109.5 114 119 107.5 103.5 103.5 133 127.5 124.5 
99 105 109.5 113 114 112.5 105 102.5 100 134.5 130 123.5 

100.5 lo9 113.5 117 118 117.5 107 101.5 99.5 133 129 121 

101 108.5 112.5 115.5 118 120 111.5 101 103.5 133.5 129 121 

101.5 lo9 113 115.5 120.5 121.5 114 106 103.5 135.5 129 123 

101 108.5 112.5 115.5 119 121 117 109.5 104.5 137.5 131 123 

100.5 105.5 113.5 118.5 119 118.5 116 110 103.5 137.5 131.5 123.5 
101 104.5 108.5 111.5 117.5 116 114 107.5 103.5 142 133.5 126.5 
102.5 106 110 112.5 116.5 118.5 116.5 109.5 105.5 143 133.5 126 
103.5 105 107.5 110.5 114 116.5 115.5 110 106.5 146 135.5 127 
lo5 lo7 lo9 110 112.5 117.5 114.5 110.5 109.5 146.5 137.5 127 
105.5 106.5 108 110 112.5 115 114.5 110.5 110.5 152.5 139.5 129.5 
107 108 109 110 112 115 114 111 111 157 141 131.5 
104.5 107 108.5 io9 110 114.5 113.5 109.5 io9 151.5 138.5 127 
io4 106.5 108 io9 110 114 112.5 109 109 150 136.5 127 

119 125.5 127.5 129.5 130.5 131 126.5 121 119.5 160.5 148 139 
103.5 105.5 107 108 110 112.5 111 108 108 150 136.5 127 

* I n t e r p o l a t e d  Data, See Text 



A - 1 0  

Martin-CR-66-75 

T a b l e  A-10 113-Octave-Band Sound Pressure Levels i n  Decibe ls  
(db re :  0.0002 

Center 
Freq. 

CPS 

50 
63 
80 

100 

125 
160 
200 

250 
315 
400 
500 

630 
800 
1000 
1250 
1600 

2000 
2500 
3150 
4000 

5000 

6300 
8000 

10000 

OA 
- 

Program F i r i n g  No. 8 Eight  Engines,  Circular Config. 
Sample Time 4.0 Seconds 

e 20° 30" 40° 50" 60" 70" 90" l25O 1600 De 3 De 16 D 
120' 120' 120' 120' 120' 120' 120' 120' 120' 

110.5 116.5 111 115 110.5 107.5 103 100 105 132 112 109 
110.5 117 115 118.5 115 108.5 104.5 101 105.5 131 113.5 log  
112.5 117 117 121.5 117 112 io4 101.5 107 130 116 110.5 

112 118.5 116.5 118 119 i i g  107.5 103.5 io4 133.5 119 113 

107 116.5 111 122 124.5 120 log io5 102.5 132.5 123.5 118.5 
102 111 110.5 118 119.5 116.5 108.5 103.5 101.5 133.5 124 121.5 

112.5 118 117 120.5 116 112.5 105.5 102.5 105 130.5 117.5 110.5 

109.5 119.5 114 118 122 119 107.5 104.5 103 132.5 120 118 

101 log log 116 i i g  120.5 108 io3 101.5 134.5 126.5 122.5 

101.5 108 111.5 118 117 113 104.5 103 gg 134.5 128 121 

103 108.5 108 114 116.5 116 113 103.5 101.5 136 129 122 

102.5 107 107.5 116 118 118.5 116 107.5 103 138.5 131 123.5 
102 106.5 106.5 118 117 118.5 117.5 110 io4 140 132 124 

101.5 108 114.5 120 118.5 116 106 io1 100 135 129 '122 0 
102 108.5 111.5 113.5 114.5 114.5 109.5 101 102 136 128 120 

102 107 105.5 114 114.5 117 116 110 105.5 142 134.5 126 
103 105.5 103.5 112.5 112.5 113.5 115.5 109 106 142 135 126.5 
103.5 106.5 lo3 111.5 114 116 117.5 111.5 lo7 143 135 125.5 
105 108.5'1043 112.5 114.5 116 116.5 112.5 109.5 145.5 136 126.5 

108 log 105 111.5 113 114 116 113.5 111.5 158.5 146.5 132 

105.5 108 io4 111.5 112.5 113 115 112 109.5 151 138 127 

103.5 106.5 102 109.5 111.5 112 112.5 110 108.5 150.5 136.5 127 

106.5 108.5 104.5 112.5 l l3 113.5 116 114 111 151 140.5 129.5 

104 107 lo3 110.5 112 113 113.5 111.5 lo9 150 137 127 

121.5 127.5 125.5 131 131 130 127 122.5 120 161 149.5 138.5 



A-1L 

Martin-CR-66 -75 

Table  A - 1 1  1/3-0ctave Band Sound Pressure Levels i n  Decibels 
(db re: 0.0002 pbar) 

Program Fir ing  No. 9 Twelve Engine Clusters 
Sample Time 3.0 Second8 

Center 
Freq. 20' 30' 40' 50' 60' 70' 90" 125' 160' De 3D, 16De 
CPS 120' 120' 120' 120' 120' 120' 120' 120' 120' 

109.5 118 120.5 119 lU, 114.5 104.5 100.5 102 126 109.5 110 
111 117 121.5 120.5 116 114.5 106 101.5 102 128.5 111.5 109.5 
112 118 125 124 120 116.5 106 101 103.5 127.5 112 109.5 
112.5 117.5 124 124.5 120 117.5 108 102 101.5 127 116.5 108.5 
112 117.5 123 121 121 109 102 101 127.5 118 112.5 
118.5 120.5 122.5 124.5 124 122.5 109 lo3  101 128 118.5 117.5 
113.5 117 119.5 126.5 129.5 125.5 111 106 103.5 130 124 120 

115 113.5 118 126 125 125.5 111.5 106.5 104.5 131.5 125 124 
117.5 113 117.5 126 124.5 124 116 107.5 105.5 134 128 125.5 
110 112.5 117.5 130 124.5 126 114.5 107.5 110 136 129 I25 
110.5 111.5 121.5 130.5 121.5 120 111 105 113.5 132 127.5 120 

110 107 113 122 117.5 120.5 112.5 104.5 110.5 132.5 126.5 120 

109 106.5 112.5 122 116.5 119 112 102.5 103.5 134 126 117 
105.5 105.5 ll4.5 122.5 118 120 112.5 102.5 100 136 126.5 117.5 
102.5 105.5 111 119.5 119 120.5 114.5 106 99.5 138 129 120 

102.5 106 111.5 118 118.5 121 118 107.5 101.5 l42 131.5 123.5 
103.5 106 110 117.5 115.5 120 118.5 109 103.5 143 132.5 124 
102.5 104.5 107.5 113.5 114.5 116 114.5 108 102.5 143.5 133 123.5 
103.5 105.5 109 112 114.5 117.5 116 110 106 145.5 132.5 124.5 
104 105 108 111 112 114.5 113.5 109.5 107 150 136 126 
104 105.5 108 110.5 111 113.5 113 110 106.5 154 138 126 
103 103.5 106.5 108.5 109.5 112.5 112 109 105.5 149.5 134 122 
103.5 103.5 106 109 110 113 112 109 106 149 133 122 
100.5 102.5 104 107.5 108 111 109.5 107 104 U8.5 131.5 120 
125.5 127.5 132.5 137.5 134.5 134.5 126.5 120.5 119 158.5 l.44 136 



A - 1 2  

Martin-CR-66 -75 

Table A -12 1/3-0ctave-Band Sound Pressure Levels i n  Decibels 
(db re: 0.0002 pbar) 

Program Fi r ing  No. 10 Twelve Engine Circular Canted 
Sample Time 2.5 Seconds 

Center 
Freq. 

CPS 

50 
63 
80 

100 

125 
160 
200 

250 

315 
400 

500 
630 
800 

lo00 

1250 
1600 
2000 

2500 
3150 
4000 
5000 
6300 
8000 
loo00 

OA 
- 

20' 30' 40' 50" 60' 70' 90' 125' 160' De 3De , 16De 
120' 120' 120' 120' 120' 120' 120' 120' 120' 

109 118 120 120 U-4 115.5 105 102 103.5 131.5 118.5 119.5 
110.5 118 121.5 120.5 116 117 106 102.5 104 130.5 121 119.5 

111.5 117.5 122.5 123.5 119.5 119 107.5 105 103 130.5 120.5 120.5 
U0.5 118 123 122 121 122.5 109.5 105.5 102.5 128 121.5 123 

111.5 115 .5  123.5 123 119 118 106.5 104 104 130.5 120.5 121.5 

113 u8.5 119.5 123.5 U 124 109 106.5 102.5 128.5 122 125.5 
110 115.5 119 125.5 131 123 110.5 107 103 128.5 128.5 127.5 
106 113 117 125 123.5 128 111 107.5 102 128.5 131 129.5 
105 112 117 124.5 124 126 112 107 101 129.5 130.5 130.5 
107 1 1 1 . 5  119 126.5 125 129 113.5 107.5 107 131 128.5 130 
102.5 108 119 132.5 123 123 112.5 106 106 129 127 128 

103.5 105.5 113 122.5 119.5 122.5 113 105 100 128.5 124 129 
103 106 111.5 119 118 121 113.5 105.5 101.5 128.5 124 127.5 

102 107 113 120 118.5 121.5 116 111.5 100.5 131.5 125 129.5 
102.5 107 112.5 120 119.5 121.5 118.5 111.5 103.5 134.5 127 132 

102 106.5 113 122 116.5 120 113.5 108.5 100 129.5 124 127 

103 107 110.5 118.5 119 122.5 118.5 112.5 104.5 138 129.5 133 
I.02 105.5 109.5 U.4 1 1 5  119 114.5 111 102 U+l 132.5 133.5 
103.5 106 109.5 113.5 115.5 118.5 116 112 104 142 135 133.5 
104.5 105.5 109.5 111.5 112.5 116 l l 3  1U. 105 147 140 137 
105.5 107 108.5 1ll 111.5 115 112.5 111.5 105.5 151 143 140 
103 104.5 107 110 110 lU.5 111 109 102 147 137.5 135 
103 104 106.5 110.5 110.5 114.5 111.5 109 102 146.5 135 135 
100.5 102.5 105  109 108.5 113 110 107.5 100.5 146 135.5 135 
121.5 127 131.5 137 135.5 136 127 122.5 117 155 147 U 6  

L 



Martin-CR-66 -75 

Table A-13 1/3-0ctave-Band Sound Pressure Levels in  Decibels 
(db re: 0.0002 pbar) 

Program Firing No. 11 Twelve Engines Circular 
Sample Time 3.0 Seconds 

Center * 
Freq. 20' 30' 40' 50' 60' 70' 90' 125' 160' De 3D, 16De 
cps 120' 120' 120' 120' 120' 120' 120' 120' 120' 

50 
63 
80 

100 

125 
160 
200 

250 
315 
400 
500 
630 
800 
lo00 
1250 
1600 
2000 

2500 
3150 
4000 

5000 
6300 
8000 

0 

I 

loo00 
OA 
- 

107.5 116.5 119.5 117 111 108.5 105 99.5 102.5 127.5 114.5 108 
109.5 116 120.5 119.5 114.5 109.5 105.5 101 103 127.5 116.5 108 
112.5 116.5 122.5 121.5 117 111 106.5 101.5 103.5 128 116 108.5 
112 118 122.5 122 116.5 112.5 106 103 102.5 128.5 117 107.5 
113.5 I21 124 122.5 116 114.5 108 104 101.5 127.5 119 111.5 
114.5 120 122.5 124 118 118.5 107.5 104 101 128 121 116.5 
l12.5 118 121.5 118.5 120.5 119 109 105 102 130.5 129 118 
108.5 115.5 120 120.5 118 119 109.5 104 101.5 130.5 129 118.5 
108.5 115.5 118.5 124 115 ll6 109.5 105.5 101.5 132.5 126.5 121 
105.5 110 126 123 115.5 116 109.5 106 105 136 129 '121 
100.5 106 12.4 126 112 112 107 104 107 134.5 129 119.5 
100 103 118 116.5 109 110 109 102 102 134 128.5 119.5 
100.5 103.5 115.5 116 109.5 108.5 112 101.5 100 135.5 128 117 
99 103.5 115.5 ll4.5 112.5 113 109.5 104 100.5 137 130 118 
100 lo4 113 114 114.5 l14.5 113 108 101.5 139.5 130.5 121 
100 104.5 111.5 112.5 114 115 117.5 109 103 143.5 132 124 
101.5 105.5 110.5 111.5 111.5 14.5 118.5 109.5 104.5 UA 132.5 124.5 
lo3 106.5 109.5 112 112 113.5 l l 5  110.5 106.5 4 5  133 123.5 
lo3 105.5 109.5 109.5 112 112.5 113.5 111 105 147 134 125 
107 107.5 110.5 111 110.5 113 114 111.5 109.5 151.5 137.5 126.5 
io6 107 n o  in 111.5 111 113 113 107.5 156 139.5 127.5 
106 106 108 109.5 108.5 110.5 111.5 109 105.5 151.5 134 12.4 
106.5 105.5 108.5 ll0 ll0 112 Ul.5 110 106 150.5 133.5 124.5 
105 105 107.5 110 108.5 111.5 110 110 105 151 132.5 123.5 
122.5 128 133.5 133.5 128.5 128 126 122 118.5 160.5 145.5 135.5 

* Exbraplated Data, See Text 
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FIGURE A- la  

S P L DISTRIBUTION TRAVERSE MICROPHONE 

PROGRAM FIRING NO. 2 
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Martin-CR-66 -75 

FIGURE A-lb 

S P L DISTRIBUTION TRAVERSE MICROPHONE 

PROGRAM FIRING NO, 2 
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FIGURE A-IC 

S P L DISTRIBUTION TRAVERSE MICROPHONE 

PROGRAM FIRING NO. 2 
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PROGRAM FIRING NO. 4 FIGURE A - ~ c  

S P L DISTRIBUTION TRAVERSE MICROPHONE \ 



Martin-CR-66 -75 
FIGURE A-4a 

S P L DISTRIBUTION TRAVERSE MICROPHONE 
PROGRAM FIRING NO. 5 
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A-2 4 Mart in -CR-66 -75 

FIGURE A-4b 

S P L DISTRIBUTION TRAVERSE MICROPHONE 
PROGRAM FIRING NO. 5 

I 

I- 
W 
W 
L. 





.s Mar tin-CR-66 -75 

a 



Mart in -CR-6 6 - 75 A - 2  7 

n - 

3 - 

I- 
W w 
LL 

w” 

a 

si: 

D Z  

4 
+ 
W 



A-28 

a0 

9 
(3 z 
E 
IL 

3 
U 
(3 
0 a a 

/ Mar tin-CR-66-75 



Martin-CR-66 -75 A-29 

FIGURE A-6a 

SPL DISTRIBUTION TRAVERSE MICROPHONE 
PROGRAM FIRING NO. 9 
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FIGURE A-6b 
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FIGURE A-7a 

SPL DISTRIBUTION TRAVERSE MICROPHONE 
PROGRAM FIRING NO. 10 
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FIGURE A - 7 b  

SPL DISTRIBUTION TRAVERSE MICROPHONE 
PROGRAM FIRING NO. IO 
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